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Improving Reproducibility in Earth Science Research  

Earth scientists need software technology that better integrates legacy data with current and 

future processing capabilities so they can assess and reproduce their colleagues' results. 

 

 

A cornerstone of solid science is the ability of scientists to assess the correctness of other 

researchers' results and conclusions critically and without restrictions [see Plesser, 2018; 

National Academies of Sciences, Engineering, and Medicine, 2019]. Three common practices for 

such assessments, often called the 3Rs, range in difficulty from low to high [Association for 

Computing Machinery, 2016]:  

• repeatability (same team, same experimental setup)  

• replicability (different team, same experimental setup)  

• reproducibility (different team, different experimental setup)  

 

Much of Earth science today is computationally heavy, involving the use of specialized 

algorithms, software, and computing environments. Reproducing such science requires that not 

only the software but also the associated data and information about the computing environment 

that generated the original results be available to other researchers. In reality, this is difficult for 

a number of reasons. Here we discuss these challenges and address how new software 

technology could better facilitate scientific reproducibility in Earth science 

 

Mapping the Path from Data to Results 

https://doi.org/10.3389/fninf.2017.00076
https://doi.org/10.17226/25303
https://www.acm.org/publications/policies/artifact-review-badging
https://www.acm.org/publications/policies/artifact-review-badging
https://www.sciencedirect.com/topics/computer-science/computing-environment


Scientific investigations usually follow a workflow—a sequence of steps through which 

data are processed and analyzed to give an end result, or product. Examples of Earth science 

workflows include relatively straightforward analyses of sea-surface temperatures to 

sophisticated numerical modeling of weather and climate. Numerous computer programs and 

software packages have been developed to support scientific research workflows and their 

applications in Earth science. For example, complex computer software uses data from 

spaceborne sensors and other Earth observations to retrieve environmental parameters such as 

precipitation and hydrometeor (liquid or solid water particle) profiles. 

Access to input data is fundamentally important for reproducibility. When a scientist or a 

journal reviewer tries to reproduce someone else’s results, it can be challenging to locate the data 

used, especially if the research was not done recently. 

 Although publishers increasingly require authors to include source information for the 

data used in their research (e.g., web links of last access and digital object identifiers (DOIs)), 

problems remain. Because many Earth science disciplines generate data sets with different 

formats, data structures, and file stitching or aggregation methods, data sets quoted from web 

links or DOIs may not be immediately usable, instead requiring preprocessing that involves a lot 

of work and technical expertise. But reviewers are volunteers who seldom have much time to 

spend on data processing, especially if input data sets are large.  

Reproducing research results also requires that any software used in generating the results 

is available to other scientists. This is not always the case, however. And even when it is 

available, missing information or incomplete descriptions can make the software hard to 

understand.  

https://eos.org/science-updates/taking-magnetotelluric-data-out-of-the-drawer


The workflow embedded in software must be well described for others to understand how 

it processes data. This description includes input and output data sets, workflow logic, algorithms 

used, the version of the software or library used, and more.  

But researchers are under immense pressure to publish their work, and do not always 

have time to devote to documenting or training outside researchers in their programs and 

processes. Furthermore, software packages are often written by students, postdocs, or interns, 

who are often not available to provide continuing support for their software after they complete 

their studies and move on to other institutions. So researchers seeking to reproduce results 

generated using custom-built software often find that support services are not available to answer 

questions.  

Another major cause of missing software or incomplete documentation is that scientific 

publishers generally do not require that authors submit and publish custom software or code they 

used in their work. Therefore, scientists have very little incentive for doing the extra work to 

make the software publicly available. On the other hand, even if a scientist submits software to a 

publisher along with a research paper [e.g., Science, 2019], in practical terms it is still very 

difficult for reviewers to retrieve input data, understand, and successfully run the software in 

their own computing environment.  

 

Supporting Legacy Data and Computing Environments 

For older research papers, data access problems are even bigger. Who will ensure that the 

data and software used in these papers are still available for reproducibility after a number of 

years? Data DOIs are used in some research papers to reference the data involved, but 

http://www.sciencemag.org/authors/science-journals-editorial-policies
https://eos.org/science-updates/launching-an-accessible-archive-of-environmental-data


eventually, it is the responsibility of data archive centers to uninterruptedly maintain data and 

services.  

For example, there can be multiple versions of satellite-based data products because 

algorithms evolve and are improved over time. A common practice for data archive centers is to 

keep only the latest version of a data product, which can make accessing data sets in earlier 

versions very difficult, especially for products derived from raw measurement data.  

Scientists seeking to assess or verify results in old publications face an even more 

difficult challenge. In theory, scientific data processing centers or principal investigators can 

reproduce these old-version data products using algorithms with raw measurement data. In 

reality, limited resources and limited demand for legacy data products compared to demand for 

the newest version make this a difficult task. Thus, it is necessary to archive both raw and 

derived data sets in all versions because previously published research papers are linked to these 

data sets.  

In addition to software and data, scientific reproducibility requires knowledge of and 

access to the required computing environment. This environment includes the appropriate 

computer operating system (in the version used to generate the original output), sufficient data 

storage resources, adequate computing power, and the necessary software libraries (which can be 

outdated or missing entirely). Scientists often find that the computing environment they have 

cannot support software from the third party that generated the data product.   

Compounding these problems are the security risks associated with running third-party 

software, even software provided by fellow scientists that can impose threats unknowingly. 

These risks can be dangerously high, making scientists reluctant to run third-party software.  

 

https://eos.org/science-updates/putting-the-cloud-to-work-for-seismology
https://eos.org/science-updates/putting-the-cloud-to-work-for-seismology


Updating Software Technology 

Can software technology help remove barriers to reproducibility in the Earth sciences, 

given the many complicated requirements for reproducibility? Earth scientists, who are often not 

computer experts, need a software-based workflow management system to keep all the related 

elements organized. Such a system can liberate them from tedious computer hardware and 

software tasks and allow them to focus more on science issues [Claerbout and Karrenbach, 1992; 

Donoho et al., 2009; Peng, 2011].  

Workflow management software is important for efficiently and successfully 

implementing the 3Rs. A management system should be able to track the progress of each 

workflow automatically and record detailed information about the data, software, and computing 

environment. The system should also record and track all activities involved in each step of 

scientific processing, such as data inputs and outputs, data analysis, and visualization. Recorded 

provenance information can be attached with journal paper submissions so that peer reviewers or 

other colleagues can examine the details and run the workflow independently.  

The workflow management system must be user friendly to minimize the learning curve 

and maximize its usefulness in 3R activities. The system must also enable scientists to conduct 

collaborative work more efficiently in different communities by making reproducibility not only 

possible but simple.  

Such a system benefits data archive centers as well because the centers can record and 

provide provenance information for their archived data sets. Scientists who download data from 

these data centers can then pass this information along and add it to new workflows.  

 

Enabling the 3Rs 

https://eos.org/opinions/its-time-to-shift-emphasis-away-from-code-sharing
https://doi.org/10.1190/1.1822162
https://doi.org/10.1109/MCSE.2009.15
https://doi.org/10.1126/science.1213847


Several workflow management systems already exist [e.g., Kepler, 2019] that allow 

scientists to add different analytical methods and to record the workflow provenance. However, 

these systems still have many limitations. We argue that it is critical to remove these obstacles 

and simplify the process for implementing the 3Rs. 

Currently, for example, provenance information may not be interoperable from one 

workflow system to another, and there may not be sufficient provenance information available to 

perform the 3Rs [e.g., World Wide Web Consortium, 2013]. Therefore, Earth science community 

stakeholders need to develop 3R standards. Furthermore, most existing systems require users to 

have expertise in computer science to add analytical algorithms into a workflow, but most Earth 

scientists do not currently have the requisite level of expertise.  

We envision that future computing in Earth science will occur in an integrated 

environment, most likely based on cloud computing. In such an environment, scientists can run 

software and do data analysis "close to the data" using the same shared resources rather than 

downloading datasets to their own computing environments. In such an environment, standard 

provenance information will be automatically recorded for each run.  

However, until this happens, we need to bridge current and future software practices. For 

example, to better document their research, scientists need workflow systems that can 

automatically generate provenance information based on community-defined standards. A 

scientist could then export the standardized and human-readable provenance information to their 

paper for journal submission. The system, meanwhile, could also assemble the software code, 

input data information, and other information into a virtual package like a Docker image so the 

package could be deployed seamlessly by other scientists.  

https://kepler-project.org/
http://www.w3.org/TR/2013/NOTE-prov-overview-20130430/
https://www.docker.com/


There are many challenges in enabling repeatability, replicability and reproducibility in 

Earth science. To overcome these challenges, it is necessary to develop software management 

systems with community-based standards to bridge current and future computing environments. 

New mandatory requirements from stakeholders will likely play an important role in accelerating 

the development of such systems and community-based standards. These systems, especially if 

they prove user-friendly, will help facilitate the 3Rs. 
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Alt title text: Software-based workflow management systems in Earth sciences help assess 

scientific claims and bridge computing environments. 

Caption/Credit:  

Software-based workflow management systems that incorporate standards from the Earth science 

community can facilitate the assessment of repeatability, replicability, and reproducibility of 

scientific claims and bridge current and future computing environments. Credit: geralt/Pixabay 
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