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Abstract Advocates of enhanced quality for published scientific results are increasingly voicing the need
for further transparency of data and software for scientific reproducibility. However, such advanced digital
scholarship can appear perplexing to geoscientists that are seduced by the concept of open science yet
wonder about the exact mechanics and implications of the associated efforts. This special issue of Earth
and Space Science entitled “Geoscience Papers of the Future” includes a review of existing best practices for
digital scholarship and bundles a set of example articles that share their digital research products and reflect
on the process of opening their scientific approach in a common quest for reproducible science.

1. Introduction

A wide body of literature has been published in high-impact scientific journals over the past few years on the
general subject of promoting transparent and trustworthy science results. Much of the discussion has
revolved around the importance of scientific reproducibility [loannidis et al., 2009; Hutson, 2010; Mesirov,
2010; Jasny et al., 2011; Russell, 2013; Collins and Tabak, 2014; Buck, 2015] and on the need for data sharing
[Kattge et al., 2014; Scientific Data, 2014] and software sharing [Barnes, 2010; Ince et al., 2012; Easterbrook,
2014; Nature, 2014; Nature Geoscience, 2014; Shen, 2014; Hey and Payne, 2015]. One of the outcomes of these
discussions—as well as a contributor to its liveliness—has been new government mandates on increased
sharing of digital products resulting from publicly funded research [e.g., Holdren, 2013].

Reproducibility, i.e., the confirmation of results and conclusions from one study obtained independently with
the same or different methods and/or data, can be seen as “the scientific gold standard” [Jasny et al., 2011].
Transparency—a concept that is central to reproducibility—calls for making both data [e.g., Kattge et al.,
2014] and software [e.g., Ince et al., 2012] openly accessible, which implies their publication in shared repo-
sitories with appropriate documentation and metadata. Reproducibility can be quite challenging when the
methods involve physical samples and laboratory experiments and also in a computational realm where
research products are digital. Although this practice increases the burden on research work and research
funding [Buck, 2015], the ability to cite these digital research products has the potential to allow for acknowl-
edgment and credit, hence motivating the added research workload [Kattge et al., 2014; Kratz and Strasser,
2015]. Reproducibility also requires a clear description of how the data and the software were used together
to produce results (provenance), including any data transformations, parameters used, and software config-
urations [Garijo et al., 2013]. Such information is typically embedded in the text of research papers with the
inherent ambiguity of natural languages [Ince et al., 2012] and with the restricted length of the “Methods” sec-
tion. Yet the explicit computational representation of research methods is increasingly becoming practical
thanks to tools such as interactive notebooks [Shen, 2014]. Finally, open access to digital research products
implies careful choice of licenses to clarify permissions and restrictions intended by the authors [Stodden,
2009]. The importance of transparency and openness of digital research products is therefore increasingly
being noted, such that guidelines now exist on how researchers and journals could promote the evolving
research culture [Nosek et al., 2015]. However, while much of the published conversation has focused on
the “what” (i.e., open research products and methods) and the “why” (i.e., reproducibility), comparatively less
emphasis has been put on the “how” in terms of achieving transparency through tools and services that can
be embedded in researchers’ efforts.
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2. Inception and Design of the Special Issue

On 11-13 March 2015, thirteen early-career geoscientists from U.S. universities, government agencies, and
national laboratories and a group of computer scientists and geoscientists working on a project on digital
stewardship all gathered at the University of Southern California’s Information Sciences Institute in Marina
Del Rey, CA, to discuss a vision for publishing geoscience papers in our digital era and the associated chal-
lenges. Together, the researchers envisaged a near future in which geoscientists would produce research
papers that are augmented by all the associated digital objects (data, software, and their interconnections)
following best practices of reproducible publications, open science, and digital scholarship. These best prac-
tices would make geoscience research products more openly accessible in data repositories with appropriate
licenses, facilitate reproducibility through more formal statements of methods, and encourage fair credit for
the associated scientific contributions through citations. Out of this meeting came the concept of the
“Geoscience Paper of the Future,” or GPF.

The GPF rests on a three-legged stool composed of openly accessible data, software, and transparent speci-
fication of the steps that linked them to generate results (provenance). This means that each GPF should
include the following: (1) well-documented data sets that are available in public repositories and have unique
citable identifiers; (2) documentation of software, including preprocessing of data and visualization steps,
described with metadata and with unique citable identifiers and with pointers to public code repositories;
and (3) documentation and availability of the computational provenance for each figure or result.

The definition of this vision for future papers, however, turned out to be the mere beginning of the GPF jour-
ney. Several of the meeting attendees decided to apply the aforementioned GPF guidelines to their own
research papers which—as one might expect—turned out to be more challenging in practice than they
had anticipated. It gradually became clear that there was not only benefit in demonstrating how the vision
could be implemented but also that there was value in documenting and reflecting on the associated diffi-
culties. Together, these papers serve as exemplars of how to implement the GPF best practices. In addition,
the challenges exposed have the potential to motivate further work to improve transparency and reproduci-
bility in geoscience.

The efforts that the American Geophysical Union (AGU) has made on transitioning toward more transparent
science motivated the group of researchers to ask Earth and Space Science, one of AGU’s open-access jour-
nals, to host a special issue that would unify their papers into a meaningful collection. This special issue
was subsequently designed to present the concept of a Geoscience Paper of the Future and to provide
GPF exemplars for a range of geoscience disciplines.

3. Content of the Special Issue

This special issue is organized as follows. In a review paper, Gil et al. [2016] introduce the recommended GPF
best practices based on recent work in the research literature as well as working groups of scientific and
professional organizations. The exemplar GPF papers then fall into two major categories of articles that the
journal accepts: (1) research articles presenting new science results documented as a GPF and (2) technical
notes documenting previously published papers as a GPF. In a research article, for example, Essawy et al.
[2016] present a reproducible data-intensive impact study of drought on two U.S. States that is run remotely
on a server and that uses a workflow framework that automatically records data products and tracks prove-
nance. The research article of Yu et al. [2016] describes their experience with easing the learning curve of a
complex surface-subsurface hydrological model through having new users reproduce an example test case
and subsequently develop a new application. In a research article, David et al. [2016] reflect on their 10 year
experience with open development (software and data) of a numerical river model. In a technical report, Pope
[2016] extends one of his previous papers on supraglacial lakes into a GPF by fully exposing all digital pro-
ducts. The technical report of Fulweiler et al. [2016] offers a reproducible computational description of how
they prepare data about nitrogen and oxygen fluxes from a bay in the Northeastern U.S., so that their
research methods on benthic processes can be applied elsewhere. Other disciplines that also challenge
the existing technologies and best practices for reproducibility, open science, and digital scholarship, are
equally suited for a GPF. Each of the aforementioned studies follows the GPF guidelines and discusses the
benefits and challenges associated with the publication of a GPF. All papers consistently emphasize the
added burden associated with openly sharing data, software, and methods [David et al., 2016; Essawy et al.,
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2016; Fulweiler et al., 2016; Pope, 2016; Yu et al., 2016]. Documenting and sharing data is a particular challenge
when files are large and diverse [Essawy et al., 2016] and/or unearthed from old studies [Fulweiler et al., 2016;
Pope, 2016]. Challenges associated with documenting and sharing software and methods are especially acute
for data-intensive analyses [Essawy et al., 2016], further stressed when performed a posteriori of paper pub-
lication [Pope, 2016], and sometimes rise from the self-perceived inferiority of geoscientists’ computer skills
[David et al., 2016]. Additionally, openly sharing digital products highlights that the issue of licensing is com-
plex and has to be addressed early and openly with coauthors [David et al., 2016; Pope, 2016]. Yet all papers
unanimously highlight the benefits of transparency for reproducibility. The open availability of digital pro-
ducts and the automation of the methods enable the verification and/or update of researchers’ own results
[David et al., 2016; Fulweiler et al., 2016] and also allow for reproducibility by others during peer review or for
research purposes [David et al., 2016; Yu et al., 2016]. Additionally, open data sharing motivates detailed data
curation and guarantees safer data storage [David et al., 2016; Fulweiler et al., 2016; Yu et al., 2016]. Note that
digital scholarship requires computer science skills that are best learnt as part of a teaching curriculum [David
et al.,, 2016; Fulweiler et al., 2016] and are best applied in concert with research instead of years later [Pope,
2016]. Nevertheless, digital scholarship can enable better tracking of the impact of research results through
citations [Essawy et al., 2016; Yu et al., 2016]. The added burden of transparent research can also be alleviated
by community contributions [David et al., 2016; Yu et al., 2016] and rewarded through inclusion of open scien-
tists in papers or funding proposals, or during their evaluation and promotion [David et al., 2016]. Overall,
reproducibility not only strengthens the scientific method but also allows for eased communication, clarity,
and transparency with peers [David et al., 2016; Fulweiler et al., 2016] as well as the greater public [Fulweiler
et al., 2016; Yu et al., 2016].

4, Conclusion

This special issue on Geoscience Papers of the Future therefore provides examples that others can follow to
achieve transparency of their research and highlights the associated challenges and benefits. It is our hope
that readers will find valuable information and inspiration in this special issue and that an increasing number
of geoscience publications will follow this approach to bring a desirable vision of future publications into a
reality of the present, hence taking a step further toward the gold standard of scientific reproducibility.
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