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Abstract Geophysical research frequentlymakes use of agreed-uponmethodologies, formally published
software, and bespoke code to process and analyse data. The reliability and repeatability of these methods
is vital in maintaining the integrity of research findings and thereby avoiding the dissemination of unreliable
results. In recent years there has been increased attention on aspects of reproducibility, which includes data
availability, across scientific disciplines. This review considers aspects of reproducibility of geophysical stud-
ies relating to their publication in peer reviewed journals. For 100 geophysics journals it considers the extent
to which reproducibility in geophysics is the focus of published literature. For 20 geophysical journals it con-
siders a) journal policies on the requirements for providing code, software, and data for submission; and b)
the availability of data and software associated for 200 published journal articles. The findings show that: 1)
between 1991 and 2021 there were 72 articles with reproducibility in the title and 417 with reliability, with an
overall increase in thenumber of articleswith reproducibility or reliability as the subject over the sameperiod;
2) while 60% of journals have a definition of research data, only 20% of journals have a requirement for a data
availability statement; and 3) despite ~86%of sampled journal articles including a data availability statement,
only 54% of articles have the original data accessible via data repositories or web servers, and only 49% of ar-
ticles name software used. It is suggested that despite journals and authors working towards improving the
availability of data and software, frequently they are not identified, or easily accessible, therefore limiting the
possibility of reproducing studies.

Non-technical summary In studies of the Earth, other planets, oceans and atmospheres, scientists
often carry out quantitative analysis ofmeasurements fromspecialist instruments or create numericalmodels
to represent complex natural systems. These approaches are useful for understanding important processes
such as plate tectonics and patterns of ocean circulation, and often have wider societal importance, such as
understanding natural hazards or the distribution of economically significant natural resources. When scien-
tists present the findings of their work in scientific publications, the focus is primarily on thewritten narrative.
However, a cornerstone of the scientific method should be the ability to replicate an experiment or study. To
enable this the input data and details of themethodology, for example the computer code used, are essential.
Thiswork reviewedhow reproducible the publishedwork in the field of geophysics has been to date. The find-
ings show that despitemost publications now requiring the underlying data to bemade available, most of the
time these data are not easily accessible, and therefore limit the opportunity for scientists to verify existing
findings.

1 Introduction
Geophysics is perhaps best described as the applica-
tion of physics to study the Earth, oceans, atmosphere,
and near-Earth space, including other planets (British
Geophysical Association, 2014). Geophysical methods,
which typically either take raw records from instrumen-
tation and process the recorded signals or carryout nu-
mericalmodelling, rely onquantitative analysis tomake
robust interpretations of these systems. Frequently,

∗Corresponding author: mark.ireland@newcastle.ac.uk

geophysical methods use processing flows with numer-
ous (often iterative) steps to accomplish tasks such as,
for example, distinguishing signal from noise (Robin-
son and Treitel, 2000), or modelling complex processes
such as mantle convection (Hager and Clayton, 1989).
The reproducibility and reliability of these methods is
vital to ensure that the scientific community can verify
previous findings and avoid the dissemination, or mis-
interpretation, of results which are unreliable or am-
biguous (Steventon et al., 2022). Computer analysis has
long been vital to geophysicalmethods (cf. Reese, 1965),
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and this continues to be true today, where most meth-
ods involve the use of code or software to process and
analyze data sets of ever increasing volume.
Different scientific disciplines oftenuse reproducibil-

ity and replicability inconsistently (National Academies
of Sciences, 2019). In geophysics, and Earth Sciences
more broadly, definitions and terminology used for re-
producibility, replicability and reliability in research
have not been examined to the same extent that they
have been in, for example,medical sciences (e.g., Good-
man et al., 2016). The Turing Way project defines re-
producible research as “work that can be independently
recreated from the samedata and the samecode that the
original team used” (Arnold et al., 2019). It is useful to
expand this definition by classifying how reproducible
research is different from robust, replicable, and gener-
alisable research (Figure 1). The TuringWay definitions
for each of are as follows:

• Reproducible: when the same analysis steps per-
formed on the same dataset consistently produces
the same answer.

• Replicable: when the same analysis performed on
different datasets produces qualitatively similar an-
swers.

• Robust: when the same dataset is subjected to dif-
ferent analysis workflows to answer the same re-
search question and a qualitatively similar or iden-
tical answer is produced. Robust results show
that the work is not dependent on the specifics of
the programming language/equipment/methodol-
ogy chosen to perform the analysis.

• Generalisable: Combining replicable and robust
findings allow us to form generalisable results.
Generalisation is an important step towards under-
standing that the result is not dependent on a par-
ticular dataset nor a particular version of the anal-
ysis pipeline.

To date the existing published literature on the topic
of reproducibility in geophysics can broadly be grouped
into four areas: 1) the benefits of specific open-source
software for improved repeatability (e.g. Oren and
Nowack, 2018); 2) the repeatability of surveying tech-
niques (e.g. Waage et al., 2018); 3) the reproducibil-
ity of individual studies (e.g. Walker et al., 2021); and
4) improving the repeatability of specific workflows
(e.g. Jun and Cho, 2022). There has been some lim-
ited examination of reproducibility in geosciencesmore
broadly (e.g., Konkol et al., 2019; Nüst and Pebesma,
2021; Steventon et al., 2022). Specifically in the field
of geophysics, however, to date there has been no em-
pirical consideration of the extent to which the existing
publications and published work are reproducible.
The role of journals has been described as a way to

provide a source of information and knowledge that
can easily be located and read (Childe, 2006). This in-
cludes specifically: 1) registration of the author’s claim
to the work; 2) certification, usually by peer review,

that the research was conducted properly; 3) dissemi-
nation; and 4) archiving, providing a permanent pub-
lic record of the work that can be found and cited (Ral-
lison, 2015). Preserving the data and methods that
underpin research has become an increasingly impor-
tant part of the publication process. In some subjects
journals have acknowledged the need to strengthen ap-
proaches to reproducibility (Nature, 2014) and some
even adopt specific policies with regards to verification
of results (e.g., American Journal of Political Science,
2019). Similarly, the Transparency and Openness Pro-
motion (TOP) guidelines were introduced by the Cen-
tre for Open Science to review the extent to which the
research that journals support improves reproducibil-
ity through increasing the transparency of the research
process (Nosek et al., 2015).
This work attempts to quantify the ways in which ex-

isting journals that publish geophysical researchhave to
datemade data and software available and accessible, in
turn promoting reproducibility and repeatability.

2 Reproducibility, repeatability, and
data availability

In recent years there has been increased attention on
aspects of reproducibility, including data availability,
across many scientific disciplines (e.g. Tedersoo et al.,
2021); however, there has been limited focus on this
topic in areas of Earth Sciences (Wildman and Lewis,
2022). At the 2016 G20 Summit, the G20 leaders for-
mally endorsed the application of FAIR principles to re-
search data (European Commission, 2016). The FAIR
principles set out the importance of research data being
Findable, Accessible, Interoperable andReusable to im-
prove and accelerate scientific research (Hodson et al.,
2018) and were set out by a diverse set of stakehold-
ers across academia, industry, funding agencies, and
scholarly publishers. Contemporaneous to this, compu-
tational approaches have become increasingly impor-
tant as more and more scientists are now able to adopt
computational methods due to the improved ease and
availability of both hardware and software (cf. Mesirov,
2010). Indeed, software is now a ubiquitous, if often in-
visible, component of research in most scientific disci-
plines, and for research to be reproducible requires un-
derstanding the software used by the original research
(e.g., National Academies of Sciences, 2016). With this,
the availability and support for large scale data shar-
ing has led to increased attention and resources to en-
able scientists to share data (Tenopir et al., 2011). De-
spite computational and storage infrastructure being in
place, there are still perceived barriers to effectively
making both data (Tenopir et al., 2011) and software
(Gomes et al., 2022) available and accessible. In a survey
of >1300 scientists on data sharing practices, Tenopir
et al. (2011) found that one third of the respondents
chose not to answer whether theymake their data avail-
able to others, and of those that did respond 46% re-
ported they do not make their data electronically avail-
able to others. In exploring why researchers chose not
to make their data available Tenopir et al. (2011) found
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Figure 1 Definitions of reproducible, replicable, reliable, and generalisable, mapped against data and methods. Modified
after Arnold et al. (2019).

the leading reason is insufficient time (54%), followed
by lack of funding (40%), having no place to put the data
(24%), lack of standards (20%), and “sponsor does not
require” (17%), with only 14% of respondents stating
their data “should not be available”. For code sharing,
Gomes et al. (2022) identified reasons why code shar-
ing is not more common in biological sciences, includ-
ing perceived barriers such as: unclear process, com-
plex workflows, data too large, lack of incentives, and
concerns on re-use of data. These barriers are also
identified in other disciplines, for example psychology
(Houtkoop et al., 2018), andmore broadly across the sci-
ence community (Borgman, 2010).

3 ReviewMethodology
This study considers the reproducibility of geophysical
studies which have been published in peer reviewed
journals. It does not include any consideration of the re-
producibility of geophysical studies outside of this, for
example unpublished work from the private sector, or
non-peer reviewed published reports. The analysis con-
sists of three parts: 1) a mapping review of the extent to
which reproducibility in geophysics is explored in the
literature; 2) a review of journals’ policies on the re-
quirements for providing code, software, and data for
submission; and 3) a sample of articles examining the
availability of code, software, and data.
Each part of the analysis is based on geophysical jour-

nals as identified by SCImago Journal Rank (see Sup-
plemental Table 1 in Ireland, 2022). SCImago Journal
Rank (SJR) is a numeric value representing the average
number ofweighted citations received during a selected

year per document published in that journal during the
previous three years, as indexed by Scopus (SCImago).
While journal metrics are frequently misused to assess
the influence of individual papers (Pendlebury, 2009),
here the list is simply used as a mechanism to firstly
identify journals by subject area. Each journal in the list
is assigned a subject area and subject category. We in-
clude journals where either the first or second subject
category is “geophysics”. The journals identified using
SCImago are a broad representation of journals which
may be widely read and used by the geophysics com-
munity, or they frequently publish articles where geo-
physics is the dominant discipline. Journals whose ex-
clusive focus are review articles are excluded from the
analysis. The review does not use the SJR as a measure
of the ‘prestige’ of any individual journal, nor to make
any comparison or interpretations between individual
journals.

3.1 Mapping Review Protocol

This study used a basic mapping review, designed to
identify primary studies relating reproducibility and re-
liability in geophysicswithoutmanually selectingwhich
articles to include. The aim was to enable a semi-
quantified assessment of the extent to which studies fo-
cus on the topic of reproducibility (or reliability) in geo-
physics and determine how frequently the primary fo-
cus of studies is to investigate reproducibility or relia-
bility. To do this, search strings were constructed based
on the terms “reproducibility”, “reliability” and “repli-
cable”. The search strings used are as shown in Table 1.
We restricted the search to the journals ranked in the
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Definition theme Search terms

Reproducibility reproducibility OR reproduce OR repro-
ducible OR reproduction

Reliability reliability OR reliable OR reliably OR reli-
abilities

Table 1 Search strings used in the literature mapping re-
view.

top 100 by SCImago (see Supplemental Table 1 in Ire-
land, 2022). The searches are conducted using Publish
or Perish software (Harzing, 2010, 2007), using a sin-
gle search for each journal. The searches used Google
Scholar and while there is still no consensus on the
use of Google Scholar in systematic literatures reviews
(Boeker et al., 2013), it is adoptedhere as it is free-to-use,
and therefore allows anyone to repeat the searches car-
ried out in the future, regardless of access to subscrip-
tion services. For each search the date range and title
of the journal was specified. The terms in Table 1 were
used for title word searches only. The data presented
are accurate as of 3 April 2023.

3.2 Review of Journal Policies
To evaluate journals’ existing policies relating to the in-
clusion of code, software, and data, weuse the top 20 en-
tries on the list of geophysical journals identified using
SCImago Journal Rank. For each of these journals the
requirements for code, software, and data, as per the
‘instructions for authors’ and the publishers’ policies,
were compiled. Table 2 shows the criteria for which we
reviewed journals’ policies. As the criteria outlined in
Table 2 are rarely a clear binary yes/no, scoring criteria
were used. The scoring criteria used are shown in Ta-
ble 3. The score for each journal was assessed by author
Algarabel and then reviewed by author Ireland. It is ac-
knowledged that using scoring criteria like this could be
considered subjective; however, by using descriptors of
the criteria it is anticipated that aspects of bias are min-
imized.

3.3 Review of Journal Submissions
To evaluate the extent to which published, peer-
reviewed articles make data and code available, the
same list of the top 20 geophysical journals identified
using SCImago Journal Rank was used (see Supplemen-
tal Table 1 in Ireland, 2022). As journals do not cur-
rently include search filters to discern which articles
make data available, a sample of individual publications
was selected to evaluate the extent to which they meet
the criteria set out by a journal’s policy. Two hundred
articles were selected from a 3-year period (2020-2022).
Again Publish or Perish software (Harzing, 2010, 2007)
was used, and Google Scholar used as for the search.
The date rangewas set to 2020-20221 and the “Maximum
number of results” was set to 10. This search was car-

1The search was done on 29 July 2022, and therefore covers articles pub-
lished and index over 31 months.

ried out for each of the 20 journals in Supplemental Data
Table 1 (Ireland, 2022)2.
Each article is noted as either open access or pay-

walled. This is on a per article basis, rather than by jour-
nal, since authors may opt to make an article in a sub-
scription access journal available open access by pay-
ing a journal anArticle PublicationCharge (APC).Again,
as the availability and accessibility rarely be described
using binary yes/no, scoring criteria are used, shown
in Table 4. To assess the availability and accessibility
of software we used the same sample of 200 articles as
for data and reviewed if an article named any software
used in the research. We searched the main text, avail-
ability statements, acknowledgements, and supplemen-
tary materials (where present). We also, where possi-
ble, report the license of the software that was used (e.g.
open source or commercial). Throughout the article the
word software is used as an inclusive term covering ap-
plications with graphical user interfaces (GUIs), code
for interpreted programming languages (e.g. Python),
and code for general-purpose programming languages
(C++).

Included in policy/guidance Category
Has definition of ‘research data’ Policy
Includes separate ‘data policy’ section Policy
Requirement to include data availability state-
ment Data

Requirement to include citations for data Data
Requirement to make data available Data
Guidance to include data in dedicated data
repository Data

Requirement to include software/code avail-
ability statement Software

Requirement to include citations for software/-
code Software

Requirement to make software/code available Software
Guidance to include software in dedicated
repository Software

Guidance to include data in supplementary
materials Data

Table 2 Criteria which journal policies and guidelines
were reviewed against.

We made the decision to anonymise the data as we
considered that this review was centered on the field of
geophysics rather than highlighting the reproducibility
of any individual published piece of work. Although the
articles were anonymised we maintained a key to en-
able us to link the anonymised list back to the original
sources.
In the 100 journals which publish geophysical re-

search searched there were, between 1991 and 2022,
72 articles with “reproducibility”, “reproduce”, “repro-
ducible” or “reproduction” in the title and 417 with “re-
liability”, “reliable”, “reliably”, or “reliabilities” in the ti-
tle (see Figure 2). From 1990 to 1999 there were 64 pub-
lications with “reliability”, “reliable”, “reliably”, or “re-

2Despite having introduced those dates, some articles date from 2019.
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Score Summary Descriptions

1 Required Required, (e.g., must) with very limited exceptions (for exam-
ple to preserve confidentiality of human participants)

2 Partial requirement Partial requirement with flexibility around inclusionmethod.

3 Encouraged Encouraged, with wording proactively encouraging (e.g.,
should) authors to include

4 Mentioned Mentioned or implied but not proactively encouraged
5 Not mentioned Nomention in guidance to authors
6 Not allowed Inclusion of data or content not permitted.

Table 3 Scoring criteria used to evaluate the extent to which journals proactively support improving the availability of data
and code.

Score Summary Descriptions

1 Data available and accessible via dedicated
data repository

Data available and is hosted on a repository which provides
a DOI for the data. Includes where data is provided in tables
within article.

2 Data available via website / webserver Data available but no DOI.

3 Data source linked
Includes cases where article provides link to a web-hosted
database but the specifics of the dataset (for example time
periods, filters) are not clear.

4 Data provided in supplementary information
or data

Includes where data are included under ‘supplementary in-
formation’. The lack of consistency in use of supplementary
information makes data frequently harder to access.

5 Data listed as available but not accessible Includes when authors state ‘data available on request’.

6 Data not available or nomention of data avail-
ability

Includes when authors explicitly state that data is confiden-
tial and not available or accessible.

X Data linked but link no longer valid

Table 4 Scoring criteria used to evaluate the availability and accessibility of data in published articles.

liabilities” in the title. Compare this with 2000 to 2009,
when there were 114, and 2010 to 2019 when there were
181. This represents an increase of 77% and 59% re-
spectively. From 1990 to 1999 there were 8 publications
with “reproducibility”, “reproduce”, “reproducible”, or
“reproduction” in the title, between 2000 to 2009 there
were 13 and between 2010 to 2019 there were 34. These
represent an increase of 63% and 161% respectively.
Of the 100 journals, 32 (32%) have published articles

with “reproducibility”, “reproduce”, “reproducible”, or
“reproduction” in the title, and 64 (64%) have published
articles with “reliability”, “reliable”, “reliably”, or “reli-
abilities” in the title. The Bulletin of Earthquake En-
gineering has published the most articles with “relia-
bility” “reliable”, “reliably”, or “reliabilities” in the ti-
tle (63). Geophysical Research Letters has published
the most articles with “reproducibility”, “reproduce”,
“reproducible”, or “reproduction” in the title (11). A
full breakdown of the number of publications with key-
words in the title is provided in Supplementary Data Ta-
bles 2 and 3 (Ireland, 2022).

3.4 Journal Policies

From reviewing journal policies, it was found that 12
out of 20 (60%) journals have a definition of research
data, while eight out of 20 (40%) do not have a defini-
tion (see Figure 4); 17 out of 20 (85%) of journals have

a discrete ‘data’ section within the journal policies and
guidance. Despite 18 of the 20 journals either requir-
ing or mentioning making data available, eight of these
are from a single publisher, the American Geophysi-
cal Union (AGU), which applies the same requirements
across all its Earth science publications. Only four out
of 20 (20%) have a requirement for a data availability
statement and only one journal, The Journal of Petrol-
ogy, has an explicit requirement for both inclusion of
data and a data availability statement. Information for
authors is found within dedicated data policy sections
for 17 out of 20 (85%), with three (15%) embedding the
information within other sections. These results are
summarized in Figure 5.
It is found that only one of the 20 journals (5%) re-

viewed required any code used to bemade available and
only one out of 20 journals (5%) require a code availabil-
ity statement. There are 12 out of 20 (60%) journals that
encourage making code available, while seven out of 20
make no mention of making code available. No jour-
nals have a requirement to make data or code available
through repositories, or to includeDOIs. However, 15 of
the 20 journals (75%) encourage the use of data reposi-
tories and 14 of the 20 journals (70%) encourage the use
of DOIs. Two of the 20 journals (10%)mention the use of
repositories, and four of the 20 (20%)mention the use of
DOIs. Two of the journals (10%)make nomention of the
use of repositories and one journal makes no mention
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Figure 2 Number of publicationswith the keywords “reproducibility”, “reproduce”, “reproducible” or “reproduction” in the
article title, by year.

Figure 3 Number of publications with the keywords “reliability”, “reliable”, “reliably” or “reliabilities in the article title, by
year.

of the use of DOIs.

Qualitative analysis of journals policies and guidance

suggests that different publishers are adopting differ-
ent approaches to encouraging making data and code
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available. Some are clear that they now require the in-
clusion of available data. For example, the AGU au-
thor resources explicitly refer to the FAIRprinciples and
include the following regarding data availability state-
ments:
“It is not sufficient to write that your data will be

available upon request and to archive and make your
data available in the supplementary information of your
manuscript.” (AGU)
In contrast, the Society of Exploration Geophysicists

(SEG)’s Geophysics makes no direct reference in the au-
thor instructions to the FAIR principles, although the
SEG is a signatory to the Coalition on Publishing Data
in the Earth and Space Sciences (COPDESS) Statement
of Commitment. In their instructions to authors, they
state:
“… papers from industry authors and academic re-

searchers whose work is built on unshareable industry-
owned data are invited, encouraged, and welcome.”
(Geophysics)
The guidance for authors across journals frequently

allows for authors to self-select from a range of options
relating to data availability; however, only in the case of
two publishers, AGUand Springer, was there any text in-
dicating that the deposition of data was checked as part
of the publishing process.

3.5 Journal Submissions
Of the articles with accessible information, it is identi-
fied that 165 of the 191 (~86%) articles have data avail-
ability statements and 26 (~14%) do not have data avail-
ability statements. A breakdown of data availability
statements by journal is shown in Table 5. All sampled
articles (n=100) published across the 10AGU journals in-
cluded data availability statements. In contrast, of the
eight sampled articles accessible to us published in Eco-
nomic Geology, only one had a data availability state-
ments, and seven had no data availability statement.
Of the 191 articles sampled, 90 (~47%) make avail-

able original data from their research and a further nine
(~4%) provide information to available secondary data
sources. Four articles state that the original data is avail-
able on request and four articles state that secondary
data is available on request. Four articles provide no in-
formation of the availability of original data, and 38 ar-
ticles provide no information on the availability of sec-
ondary data. 41 of the 191 (~21%) articles have the data
available via repositories and 63 of the 191 articles pro-
vide weblinks to data sources. Zenodo, FigShare and
Mendeley are the most used repositories for data shar-
ing (~75%). Examples of data sources for which articles
provide weblinks to include NASA’s Planetary Data Sys-
tem, Incorporated Research Institutions for Seismol-
ogy, and the National Oceanic and Atmospheric Admin-
istration data portal. Inmost instances the exact details
of the dataset or search criteria used to return a dataset
are not included. For articles sampled fromGeophysics,
Marine and PetroleumGeology, and Economic Geology,
none of the articles reviewedhadmade the original data
accessible or available.
Of the 200 articles, 132 were open-access (e.g., acces-

sible through the publishers’ site without subscription
access) and 68 were paywalled access (e.g., required a
subscription to access the full article). Of the 132 open
access articles it was found that 46% made the data
available (scores 1 to 4 inTable 3). and 54%did notmake
the data available via a data repository (scores 5 and 6 in
Table 3). Of the 68 paywalled articles, we found that just
14% of these made their data available via a data repos-
itory or web server (Figure 6).
There is, at least qualitatively, a difference in the

data availability between geophysical research which
has a basis in resource or economic applications, and
those with either a fundamental or global seismologi-
cal focus. For example in SEG’s Geophysics, which pub-
lishes research focused on geophysical method applied
to extractive or resource industries (Geophysics), it was
found that none of the ten articles reviewed made the
underlying data available. In contrast in the Seismologi-
cal Society of America’s Seismological Research Letters,
whose scope covers topics of broad interest across seis-
mology and related disciplines, it was found that seven
of the ten provided links to underlying data, and the
three which did not, did not use original data. It is also
found that for paywalled articles, publishers take differ-
ent approaches as to what information to provide in the
public domain. For example, in both Tectonophysics
and Earth and Planetary Science Letters published by
Elsevier, in some instances the data availability state-
ment is not behind the paywall even if the full article is,
whereas Geophysics, published by SEG, does not make
this information available without paid access to the ar-
ticle.
Of the 200 articles it was found that 49% (98 articles)

named software used in the research and 30% (60 ar-
ticles) did not name any software used in the research
(Figure 7). Of the 200 articles, we were unable to review
the software used for 13.5% (27) of them due to articles
being paywalled. For 6% (12) software could be consid-
ered not applicable due to articles being review papers
and 1.5% (3) used large scale numerical models, where
itwas not possible to identify the software environment.
Of the 98 articles which did name the software, 63% ex-
clusively or partly used open source software and 38%
exclusively or partly used commercial software (these
do not total 100% due to some publications using a com-
bination of open source and commercial software) (Fig-
ure 8). There were 100 unique software items identified
in the 98 articles that named the software used. Of the
software named those with more than five occurrences
were: Python (17), Matlab (8), Generic Mapping Tools
(7) and ImageJ (5).

4 Discussions
The identification of 489 articles that examine aspects
of reproducibility and reliability since 1990 qualitatively
suggests that both are topics of interest for geophysics
research. It is worth noting that, as has long been rec-
ognized (e.g., Carr et al., 1997), the digitization of jour-
nal formats has resulted in an increase in the number of
publications. Therefore, the observed increasing num-
ber of articles examining reproducibility and reliabil-
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Figure 4 Percentage of journals which have a definition of “research data” and percentage of journals which have an inde-
pendent “data policy” section.

Figure 5 Stacked bar charts showing the requirements set out by journals relating to data and software. All based on the
data provided in Data Table 4.

ity may not only be the result of increased attention
by researchers. Of the 100 journals reviewed 32 (32%)
have published articles with “reproducibility”, “repro-
duce”, “reproducible”, or “reproduction” in the title, and
64 (64%) with “reliability”, “reliable”, “reliably”, or “re-

liabilities” in the title, suggesting that the theme of re-
liability has been of greater focus than reproducibility.
This would seem to support the hypothesis of Steven-
ton et al. (2022) who suggested that studies focused
on reproducibility or replication are less likely to be
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Figure 6 Chart showing the difference in data availability between open access articles and paywalled articles.

Figure 7 Chart showing the percentage of total number of articles that either identify or do not identify the software used
in the research, or where the software is potentially not applicable (e.g. review articles).

published than “novel” or “ground-breaking” work. It
therefore may be that this publication bias has led to
published articles focusing on new methods and new

datasets, rather than exploring the reproducibility and
replicability of previously published research.
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Journal Data Availability Statement Original Data Accessible
Yes No Yes No

Tectonics (10) 10 0 8 2
Geochemistry, Geophysics, Geosystems (10) 10 0 10 0
Geophysical Research Letters (10) 10 0 2 0
Journal of Geophysical Research D: Atmo-
sphere (10) 10 0 10 0

Journal of Geophysical Research B: Solid
Earth (10) 10 0 9 0

Journal of Geophysical Research E: Planets
(10) 10 0 6 0

Journal of Geophysical Research C: Oceans
(10) 10 0 1 1

Journal of Geophysical Research F: Earth Sur-
face (10) 10 0 4 2

Earth and Planetary Science Letters (10) 10 0 10 0
Tectonophysics (10) 5 5 5 4
Geophysics (8) 7 3 0 9
Journal of Petrology (10) 10 0 9 0
Seismological Research Letters (5) 7 3 7 0
Contributions to Mineralogy and Petrology
(10) 10 0 10 0

Journal of Geodesy (10) 8 2 2 3
Mineralium Deposita (10) 9 1 8 1
Economic Geology (8) 1 7 3 5
Earthquake Spectra (10) 5 5 5 2
Marine and Petroleum Geology (10) 8 2 1 5
Geophysics Journal International (10) 7 3 3 5

Table 5 Summary data for articles examined, showing the number of articles that 1) provided a data availability statement
and 2) whether theymade the original data available. For both criteria scores 1 to 4 count as ‘yes’ and scores 5 and 6 counted
as ‘no’ (see Table 3 for details on scoring). As not all articles used original data, or some were solely modelling studies, the
total of yes/no for original data does not always match the total count.

4.1 Subjective interpretation of journal poli-
cies

The findings indicate that journals have a mixed ap-
proach to the wording used in policies relating to the
provision of data and code (see Figure 5). While the
TOP Factor (https://topfactor.org/) provides a score of
how journal policies align scientific ideals with prac-
tices, no geophysical journals have been scored to date
(as of 17 April, 2023). We found that journals repeat-
edly used ambiguous language in their policies when
referring to data and code availability. While 60% of
journals had a policy which stated that the submission
of data was a requirement, the statements used in the
other 40%of journalswere frequently ambiguous, using
terms such as encourages, where possible, where appli-
cable. Clearly those journals without a clear definition
of data will likely result in more subjective interpreta-
tion of the guidelines by authors, reviewers, and editors.
From the publisher’s side, from a marketing and com-
mercial perspective it couldmake sense to have submis-
sion guidelines and policies that clearly define data and
code access. A counter view could be that ambiguity
in the policies and guidelines may be beneficial from
a commercial perspective as it may encourage submis-

sions and consequently facilitate the journal to publish
more articles than if there were tighter restrictions on
data and software requirements. However, where data
and code are easily identifiable and accessible, there
is empirical evidence to suggest that the sharing of re-
search data may can be associated with an increase in
citations (Christensen et al., 2019; Piwowar et al., 2007).
When it comes to the use of supplementary informa-
tion, it is worth highlighting, as in the AGU’s data avail-
ability statement, that this section of a manuscript is
still indicated as a suitable place to accommodate data.
There are however issues with this as highlighted by
previous studies (Pop and Salzberg, 2015). Most notably
there is often a lack of guidance on how supplemen-
tary information should be used to include data (e.g.
Pop and Salzberg, 2015), which means that often data
or metadata provided in supplementary information is
inaccessible. Supplementary files are for the most part
not considered to be a part of the formal record of an
article, and therefore the integrity of these materials
is frequently poorly maintained. In the case of inter-
net hosted materials, this is evidenced by other studies
(e.g., Evangelou et al., 2005) which have shown that the
percentage of inactive links to supplementary informa-
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Figure 8 Chart showing, for the articleswhich did identify software, the percentage thatmake use of open source, commer-
cial, and freeware, as well as the percent where the license was not easily identifiable or traceable. The percentages here do
not total 100% as some articles usedmultiple pieces of software.

tion increased with time since publication,

4.2 Availability vs accessibility

Wefound that, where journal articles usedoriginal data,
in general the availability of data was improved over
journal articles which used existing data or data derived
from third party sources. Frequently where articles
used non-original data, while articles provided infor-
mation on the data in the data availability statements,
they provided insufficient information to identify spe-
cific datasets, or in several cases the weblinks no longer
worked. This suggests that it is not only data availability
that is important, but also data accessibility. Starr et al.
(2015) list eight core principles of data citation which
have been endorsed by 87 scholarly societies, publish-
ers and other institutions. Of relevance to the findings
here are the unique identification and specificity and
verifiability. For the majority of the articles sampled,
there was insufficient information for the dataset to be
identified without human search input, in contrast to
the recommendation that data identification should be
machine actionable (Starr et al., 2015). Commonly it
was difficult to identify the specific dataset used in the
research: for example, it was possible to follow a we-
blink to website which hosts data, but not to identify the
data on which the analysis was based. While many arti-
cles (>30%) provide weblinks or the names of the orga-
nizations which host the data, they frequently provided
insufficient information for readers to identify and ver-
ify that the data is the same as that which was used by

the authors. Frequent issues include, for example, the
data linked consisting of multiple files with no explicit
statement of what files from that dataset the authors
used. Another persistent issue is the use of non-static
weblinks for data sets.

4.3 Role of Journals, Editors and Reviewers

The contributions of editors and reviewers for jour-
nals, whether they are for-profit or not-for-profit, are
invaluable in ensuring the continued and timely publi-
cation of scientific findings. In most cases, those sci-
entists that undertake the role do so without remuner-
ation. The role of a journal editor could be summa-
rized as to sustain integrity in published research and
enforce the policies and the standards for the journal,
both for authors and reviewers (Caelleigh, 1993). The
role of reviewers could be summarized as ”evaluat[ing]
whether or not there is a meaningful...contribution,
whether the constructs are adequately defined,...and
whether the underlying mechanisms/process...are ex-
plained” (Lepak, 2009). Based on journal (and pub-
lisher) policies it is unclear as to whether reviewers
are expected to evaluate the suitability of data and soft-
ware availability statements. It could be suggested that
there should be a clear distinction then between the
role which editors and reviewers have in determining
whether an article’s approach to data and software avail-
ability (and accessibility) is suitable or not. In practice,
clarification by journals over the role of reviewers and
editors could improve the situation. For example, one
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possibility could be for reviewers to have the responsi-
bility for ensuring that the data and software is suitable
to demonstrate the scientific findings, and that the edi-
torial board and office has the responsibility to ensure
that authors have included a data and software availabil-
ity statement and adhered to the requirements formak-
ing data and software accessible and available. Indeed,
this is how AGU handles the availability of data, as in-
dicated on their information to authors where it clearly
states, “AGUnow checks to see if data/software has been
properly cited vs simply linking to a DOI, website, plat-
form” (AGU).
It is worth noting that while it was found that

fewer journals had dedicated requirements for soft-
ware, sometimes they are mentioned within the poli-
cies, guidelines, and definitions of data. This can lead
to some ambiguity when the guidance is interpreted by
authors. Further, while not all studies use bespoke soft-
ware (e.g. customized code), there are very few aspects
of geophysical research which do not have some re-
liance on computer-based analysis. Therefore, journals
could perhaps consider a simplified approach when it
comes to more commonly used software (e.g., for sta-
tistical analysis), whereby authors simply choose from
a list.
In the review of existing journal submissions, it be-

came clear that it is currently not possible to identify
which articles have accessible data and software quickly
and efficiently. For the most part, journals use data
availability statements, with only 10% of the 20 jour-
nals examined not mentioning including a data avail-
ability statement. However, it is not possible to filter or
search articles by the information in these statements.
In chemistry it has been suggested that one solution
to this challenge would be to completely recast data-
rich scientific journal articles into two components, a
narrative and separate data component, each of which
is assigned a persistent digital object identifier (Har-
vey et al., 2014). However, perhaps a simpler solution
could be the requirement for authors to choose from
pre-defined categories of data availability, with authors’
assertions checked for accuracy as part of the editorial
process. Journals could then implement a search crite-
rion based upon if the data is available and accessible.

4.4 Software Availability and Accessibility

In the review of existing journal submissions approxi-
mately half the articles reported the software used in
the research (49%). Where identified, the software is
not consistently reported in the same location in dif-
ferent journals, or even within different articles in the
same journal. For example, some articles reported soft-
ware in the ‘methods’ section of the article, others ref-
erenced the software used in the acknowledgements,
and some only mentioned the software within supple-
mentary materials. The 51% of articles which did not
report the software used all frequently included quan-
titative or statistical analysis, and while articles com-
monly detail the theory, they do not report on the im-
plementation of this. In other science disciplines, stud-
ies have highlighted the need for consistently specify-

ing the analytical software used in, as different software
packages could produce varying results (Dembe et al.,
2011). It is postulated that where software, both com-
mercial and open source, are widely available, accessi-
ble, and used, such as Microsoft Excel, authors may un-
intentionally omit them from inclusion from the meth-
ods. However, the accuracy of statistical methods in
such packages has been the focus of repeated studies
(e.g., McCullough and Heiser, 2008; McCullough and
Wilson, 2002, 2005; Mélard, 2014). The data indicate
that open source and freeware software, sometimes re-
ferred to as free and open-source software (FOSS) was
used in 63% of the articles which identified the soft-
ware they used. While there has been a widespread
adoption of FOSS documented (e.g., Glynn et al., 2005;
Hauge et al., 2010; van Rooij, 2011), there has been very
limited focus on the extent to which FOSS is adopted
with Earth sciences and geophysics specifically. The
findings in this study suggest that commercial software
still is important within in research, where 38% of the
articles which identified their software made use of
it. Some authors (e.g., de Groot and Bril, 2005) have
speculated that FOSS has rarely been used for larger
scale, high end-user applications and software is fre-
quently closed source or proprietary. However, increas-
ingly open source interpreted programming languages
such as Python through the wide variety of packages
available are increasingly capable of handling large and
complex datasets such as N-dimensional arrays (e.g.,
Hamman, 2017). Anecdotally, the number of down-
loads for dedicated geophysics Python packages, sug-
gests that open-source software is growing in usage. For
example Obspy (Beyreuther et al., 2010) has, according
to PePy (https://pepy.tech/) been downloaded 1,783,753
(as of 8 April 2023). Proprietary softwaremay offer ben-
efits, such as well-developed GUIs that do not require as
high a level of computer literacy (e.g., Muenchow et al.,
2019). As noted by Nüst and Pebesma (2021), in some
instances, such as where software are linked to hard-
ware, proprietary software may be unavoidable. This
could include, for example, software linked to specific
seismic acquisition systems.

4.5 Perceived Barriers

Data and code sharing are often perceived as being lim-
ited by digital infrastructure (Gomes et al., 2022). How-
ever, while making data and code available may have
been previously limited by such restrictions, there now
exits the underlying digital architecture to, for example,
host individual files typically up to 20GB in size on data
repositories such as Figshare and Zenodo. Repositories
have added the functionality to archive code, for exam-
ple from GitHub to Zenodo, and assign a DOI. Indeed,
many of the perceived barriers, for example challenges
in handling large data files, are not unique to geophysics
and these concerns have mostly been shown to be rel-
atively straightforward to manage in terms of absolute
volume. For example, a study in neurosciences by Pol-
drack and Gorgolewski (2014) described how the shar-
ing of rawMRI data from 1,000 authors would consist of
~2.7 terabytes, a relativemodest volumeby current stor-

12
SEISMICA | volume 2.1 | 2023

https://pepy.tech/


SEISMICA | INVITED RESEARCH ARTICLE | Reproducibility and reliability in geophysical research

age infrastructure solutions (e.g., Behnke et al., 2019);
however, there are major challenges in ensuring that
data sets are curated tomake themaccessible anduseful
to researchers. Indeed, the common occurrence of big
datawithin nearly all subjects has served to identify that
discussing absolute data volume as a barrier in any con-
text is limiting, as computinghardware and software ad-
vances at sucha rate that any absolutenumbers are soon
superseded (Oguntimilehin and Ademola, 2014).

4.6 Limitations of study
The findings presented in this review are not exhaus-
tive. There exist several limitations to the study that
should be highlighted. Firstly, there are alternative
ways in which the choice of journals to include could
be made. The approach here, as far as possible, was
designed to avoid user bias in the selection of journals,
but it is recognized that the breadth of journals included
covers some topics that may be considered outside of
the immediate subject area of geophysics. Secondly,
and related to this, the choice of search tools could im-
pact the results. In this study searches were under-
taken using tools and databases which did not require
paid subscription access. Alternative subscription-only
search services may result in different results, for the
review of existing literature. Thirdly, when reviewing
journal policies, there is a component of subjectivity in
the categorization of a journal’s requirements. As dis-
cussed above this is itself is one of the issueswhich pub-
lishers and journals need to tackle to avoid any ambi-
guity in the requirements. Fourthly, when categorizing
the availability of data for an individual article, while
in some cases it is very clear if data is available and ac-
cessible (e.g., DOI linked data) or not (e.g., data is con-
fidential) there are examples where, for example the
availability of the data is insufficiently described to eas-
ily assess if the data is accessible. Examples of this in-
clude where a link to a website which hosts data is pro-
vided, but there are no specifics of the data used (for
example, not specifying the exact time series). Over-
coming this uncertainty in future studies would require
attempting to download the exact dataset used in each
case, which would be significant undertaking, not least
as it would require some subjectmatter expertise across
a diverse range of geophysical subjects. It is worth not-
ing that data repositories do provide application pro-
gramming interfaces (API) for the datasets which en-
ables programmatic access to items (Figshare). In this
work, both a score of 1 or 2 could enable scripted access
to data, however for data that score 2 the lack ofDOIulti-
matelymeans that there is no persistent record. Finally,
while the institutional subscriptions that were available
to Algarabel and Ireland who undertook the principal
data collection provided access to a high proportion of
the individual articles reviewed, there were still 27 of
200 articles for which the full text was not accessible.

5 Conclusions
Reproducibility and repeatability are important themes
for the geophysics community as evidenced by the in-

creasing number of publications identified in this re-
view. Through examining the current policies of mul-
tiple journals which publish geophysical articles, it is
identified that all too often the wording used is ambigu-
ous and open to interpretation. If journals want to pub-
lish truly reproducible works, it will require not just a
shift to using concise wording, but also for journals to
enforce stricter policies. Despite this, the empirical ev-
idence is that journals aremaking a concerted efforts to
provide guidance on the provision of data and software.
For published articles there are stark differences in the
availability and accessibility of both data and software.
However, there is still a long way to go for geophysical
research (as a whole) to be reproducible, as shown by
the findingswhich indicate that less than 30%of articles
over the past 5 years provide enough information on the
source of data, and less than 50% of articles identify the
software used, both of which are required to reproduce
results.

Acknowledgements

The work was enabled by funding from the IAPETUS2
DTP for Guillermo Algarebel to undertake a Research
Experience Placement at Newcastle University in the
summer of 2022. The authors are grateful for reviews by
Daniel Nüst and Wynn Tranfield. Thanks also to Chris
Jackson and Matt Hall which stimulated some of the
themes discussed in this review.

6 Data and software availability

The data used in this study are available in a repository
(Ireland, 2022). There are 5 data tables included, and
the description of each is provided below.

• DataTable1_JournalListSciMargo – List of 100 geo-
physics journals used as starting point for review

• DataTable2_ExistingLiteratureReliability – Num-
ber of journal articles published, by year, with the
word ‘reliability’ in the title.

• DataTable3_ExistingLiteratureReproducibility –
Number of journal articles published, by year, with
the word ‘reproducibility’ in the title.

• DataTable4_JournalRequirements – Summary of
journal requirements categorized.

• DataTable5_PublishedArticles_Anon–Summaryof
availability of data and software for individual pub-
lications. We have removed any identifiable details
relating to the individual articles sampled in this
study.

The study used the free Publish or Perish software
(Harzing, 2007).
All plots were created in Python and the scripts are

available (Ireland, 2022). Users will need to download
the data dables and add file path locations to the scripts
to replicate the plots as they appear in the paper.
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