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Abstract: Environmental computer models are considered essential tools in supporting environmental decision
making, but their main value is that they allow a better understanding of our complex environment.
Environmental models are in fact applications of shared theories on how real-world systems are functioning. Just
like the underlying scientific theories they need to be evaluated and discussed among peers. To allow proper
assessment of the quality and suitability of environmental models peers should be able to trace their results and
insights through the model structure to the underlying choices and assumptions. This ideal of model evaluation
should take place in the peer-review process before their output and the analysis of their output are published in
scientific journals, but is hardly ever realized in reality. It is hypothesized that, despite the numerous attempts to
promote good modeling practice and extended peer review, the reproducibility and transparency of environmental
models is limited in actual terms. To test the validity of this hypothesis we have reviewed publications,
documentation and software of four environmental models. We analyzed to what extent this material provided
insight in the model structure and the modeling process and to what extent model findings could be traced back to
the underlying choices and assumptions.

All four models and their applications have been described in dozens of articles in peer reviewed journals. This
indicates that these models and there results and insights are trusted and used. They can be understood as well-
established models grounded in a scientific theory. However, in our study we found that for at least three of the
models reviewers lack information to evaluate their quality or suitability. Neither can they ensure the
reproducibility and transparency of the model results and insights, for a number of reasons. First, information on
model design is scattered over several sources, which are to a limited extent freely and easily available to
reviewers. Second, written model documentation does not provide a sufficient description of the modeled system.
Third, written model documentation does not provide a sufficient description of the calculation of model results.
Finally, results presented in scientific publications do not necessarily correspond with parameter values or
equations in the model source code.

Our findings suggest that environmental models lack essential quality characteristics in terms of transparency and
reproducibility. This raises the concern that they are being used in applications without respecting and discussing
their underlying choices and assumptions. We identify three structural causes for this lack of transparency and
reproducibility: (1) the size and complexity of environmental models, (2) a lack of incentives for environmental
modelers to be to transparent in the modeling process and (3) the use of computers and the focus on computation
and simulation instead of the descriptive side of modeling. We submit that openness in the modeling process can
only be achieved with a general change of attitude. On the one hand model developers must become explicit and
open about their choices and assumptions. On the other hand peers, stakeholders and journals must request
openness and challenge these choices and assumptions. In an operational sense, computers and networks can be
turned to their advantage by having them disseminate high-quality model descriptions using shared vocabularies.
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Practice
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1. INTRODUCTION

Environmental computer models are considered essential tools in supporting environmental decision making.
They facilitate exploring the consequences of alternative policies or management scenarios (Jakeman et al., 2006;
Schmolke et al., 2010b; van der Sluijs, 2002) which may form the basis for policy decisions that can have
significant societal impact. But the main value of environmental models is that they allow a better understanding
of our complex environment (e.g. (Jakeman et al., 2006; Oreskes et al., 1994; Rykiel Jr, 1996; Schmolke et al.,
2010b)). Environmental models are simplified representations of reality (Rosenblueth and Wiener, 1945), they
are in fact applications of shared theories on how real-world systems are functioning. Just like the underlying
scientific theories they need to be evaluated and discussed among peers (Refsgaard and Henriksen, 2004). In that
way we gain knowledge on our environment. We submit that unfortunately current practice of environmental
modeling does not support such debate.

In the process of developing environmental models, modelers inevitably make choices and assumptions. They
have to decide which processes and concepts to include and which to simplify or neglect (Jakeman et al., 2006;
van der Sluijs, 2002). To allow proper assessment of the quality and suitability of these models peers should be
able to trace model results and insights through the model structure to the underlying choices and assumptions.
Reproducibility of model findings as well as transparency of both the model and the modeling process are crucial
aspects in model evaluation (Jakeman et al., 2006; Risbey et al., 1996).

Environmental models are normally evaluated when their output and the analysis of their output are published in
peer reviewed journals. The models are subjected to the scrutiny of experts in the same field by inspecting their
behavior (Alexandrov et al., 2011). Ideally these experts assess corresponding models by tracing model findings
back through the model structure to the underlying choices and assumptions. This ideal of model evaluation
through the peer-review process is hardly ever realized in reality, as demonstrated by Schmolke, et al (2010b).
One reason is that journal articles reporting modeling efforts focus on scientific originality rather than on model
documentation (Alexandrov et al., 2011; Schmolke et al., 2010b). In addition, reviewers must base their
judgments solely on the material that the authors have chosen to present and on how they present it. There is
considerable variation in how this is done (Alexandrov et al., 2011). A large part of the choices and assumptions
remains hidden in the model source code or in the minds of the modelers and has not been made explicit in model
documentation (van der Sluijs, 2002; Villa et al., 2009). This has lead Funtowitz and Ravetz in (1990) to propose
an extended peer review, in which not only the associated article but also additional materials such as models,
data and scenarios are reviewed. However, reviewers do not have sufficient time or resources to conduct detailed
evaluation of these models (Alexandrov et al., 2011).

Next to extended peer review, many authors advocate standardization of the modeling process to enhance
transparency and reproducibility of environmental models, summarized to as Good Modeling Practice. They
provide guidelines and frameworks for model development and evaluation (Gaber et al., 2008; Jakeman et al.,
2006; Refsgaard and Henriksen, 2004; Rykiel Jr, 1996), model documentation (Schmolke et al., 2010b), model
application (Risbey et al., 2005) and peer review of modeling projects in scientific journals (Alexandrov et al.,
2011). Environmental models have an increasing influence on societal decision making on complex issues with
potentially large impact (e.g. climate change, food security, biodiversity conservation, pollution). Therefore,
transparency and reproducibility of environmental models are crucial quality criteria to enable the independent
re-use of models. The importance of transparency and reproducibility is highlighted by the Climate Gate
controversy, which seriously undermined the credibility of climate science, which is partly based on projections
with computer models (Hickman, 2009).

This paper investigates the transparency and reproducibility of environmental models by evaluating a limited set
of models that were re-used by researchers for their own research. It is hypothesized that the reproducibility and
transparency of environmental models is limited in actual terms, even though good modeling practice and
extended peer review are promoted. To test the validity of this hypothesis we have reviewed publications,
documentation and software of four environmental models. We analyzed to what extent this material provided
insight in the model structure and the modeling process and to what extent model findings could be traced back to
the underlying choices and assumptions.
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2. MATERIAL AND METHODS

We reviewed publications, documentation and software, and consulted the model developers of four
environmental computer models: a photosynthesis model, a model to assess mitigation costs of climate change, a
land use model and a crop growth model. All four models have been developed and run by scientists and their
content and application have been described in dozens of articles in peer reviewed journals. Model results and
insights are used by scientists and for two models these are specifically directed at policy makers to support
decision making. One model is small, consisting of only a few equations, while the other three models are large
with many equations, linked modules and different data sets, resulting in thousands of lines of source code.

In our review we adopted the perspective of a researcher who wants to familiarize her- or himself with the model,
with the objective to apply it or to further develop it. In that process of model learning, we assessed the models
on the four criteria, which can also be found in several guidelines on good modeling practice (Alexandrov et al.,
2011; Gaber et al., 2008; Jakeman et al., 2006; Refsgaard and Henriksen, 2004; Risbey et al., 2005; Rykiel Jr,
1996; Schmolke et al., 2010b), i.e. the availability and usefulness of a description of 1) the conceptual model, 2)
the calculation process, 3) the input data and results and 4) the source code.

3. RESULTS

Overall, each of the researchers spent a few months to investigate the model. The general feeling was that after
this period they still did not understand all of it. In each of the aspects of documentation, conceptual model,
calculation process, data and source code, limitations, errors and ambiguities were encountered. However, the
researchers did not believe that the four models are poor models or that they are not suited for their job.

3.1. Documentation

All researchers studied peer-reviewed publications, like articles and book chapters, to become familiar with the
models. These publications describe the model design, in terms of primary concepts, processes and equations
included in the model, as well as model results and insights. However, for the three larger models information on
the model design is scattered over several publications as these do not have space for an extensive model
description. They rather focus on specific parts or applications of the model or the publications describe the
general functioning of the model, without being specific or concrete. Two models are described in reports that
provide more comprehensive and detailed information on the model design and are available (usually from model
developers) but not peer-reviewed. Furthermore, the references to model documentation used in journal articles
may be confusing as some papers refer to the applied model indirectly. They refer to other papers which
eventually refer to grey literature reports or book chapters (see Figure 1). Working back through the literature is
not a guarantee that information on the model design can be found easily, as the figure shows. The model version
used in a journal article may also be different from the version described in referred documents.

3.2. Conceptual model

In one case, peer-reviewed publications contained clear and detailed descriptions of included concepts and
processes. Studying these documents was sufficient to develop a good understanding of the modeled system. In
the other cases written model documentation, i.e. peer-reviewed publications and gray literature reports,
described the main concepts and processes, but were not sufficient to get a clear and complete picture of the
modeled system. For these three models, a comprehensive list of assumptions, concepts and processes that
describes the model as a simplified representation was lacking. In these cases the researchers also studied the
source code and requested personally information from the model developers. Information from both sources was
complementary to the written model documentation and considered very useful.

33. Calculation process

For none of the four models results from scientific publications could easily be reproduced or traced through the
model structure to the underlying choices and assumptions. Two researchers discovered that some results
presented in scientific publications did not correspond with parameter values or equations in the model source
code. Additional parameters were found in the source code, but not described in the scientific publications, in one
case. In another case, the equations as documented in the scientific publication could not reproduce the behavior
of the model as documented in figures, until an error was corrected in the equations. Another researcher found
that the process of setting scenario parameters for model runs was arbitrary and could not be based on scientific
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theories as the scenario parameters could not be measured or derived from scientific literature. At the same time
these scenario parameters had a large influence on model results. Furthermore, in three cases the written model
documentation only presented a selection of the equations and mathematical descriptions included in the models.
Studying, altering and running the source code by trial and error proved most useful in understanding the whole
process of calculation of model results.

3.4. Data

The identity and source of most of the model input data of the four case study models are described in written
model documentation. For the three larger models the input data are stored in dozens of files, which had been
typically manually organized and adapted. The researchers had difficulties getting an overview of the process of
data management. Input files for one model do not have any structure or naming to each of the data fields, which
may cause confusion and mistakes in the calculation process.

3.5. Source code

One model consists of a set of equations and parameters described in peer reviewed publications, which the
researcher translated into computer code. The other three models consist of thousands of lines of source code
which were available to the researchers. Only one model was available as open source, while the other models
were only available upon request and in one case, only partly. The three researchers spent a few months getting
familiar with the source code of their models by studying, altering and running it, but they still did not understand
all of it. Two researchers discovered that the code of their models contains functions and modules that have no
clear documented function in the calculation process, while still being included in model runs.
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3.6. Reproducibility and transparency

All four models and their applications have been described in dozens of articles in peer reviewed journals. This
indicates that these models and their results and insights are trusted and used. They can be understood as well-
established models grounded in a scientific theory. However, in our study we found that for at least three of the
models reviewers lack information to evaluate their quality and to assess their ability to support environmental
decision making and give insight in the modeled system. Neither can they ensure the reproducibility and
transparency of the model results and insights, for a number of reasons. First, information on model design is
scattered over several sources, which are only to a limited extent freely and easily available to reviewers. Second,
written model documentation does not provide a sufficient description of the modeled system. Third, written
model documentation does not provide a sufficient description of the calculation of model results. Finally, results
presented in scientific publications do not necessarily correspond with parameter values or equations in the model
source code.

4. DISCUSSION

Our findings give the impression of environmental models lacking essential quality characteristics in terms of
transparency and reproducibility. Although numerous guidelines and rules exist to enhance the transparency of
environmental models (Alexandrov et al., 2011; Gaber et al., 2008; Jakeman et al., 2006; Refsgaard and
Henriksen, 2004; Risbey et al., 2005; Rykiel Jr, 1996; Schmolke et al., 2010b), the modeling process and
documentation of three of the case study models was not perceived as such. In our cases the environmental
models effectively became black-boxes, which could only partly be uncovered with a significant investment in
time and effort. Note that our objective was not to evaluate these models, nor to question their usefulness and
suitability for assessment purposes, as this is typically done by experts in the peer-review process. However, in
our cases we found that these experts probably lacked information to perform this evaluation properly. The
concern raised through our research is that environmental models are being used in applications without
explicitly respecting or at least discussing the underlying choices and assumptions, which is essential an area
where assumptions may vary largely.

We believe that the models investigated are representative of environmental models in general. They are well
established, published and cited in a large number of articles and regularly used in policy-oriented applications
and assessment of complex societal problems. Although a more comprehensive study should provide additional
insight in the overall situation, we think that already preliminary suggestions can be given on what underlying
causes are and which remedies can be thought of. In particular we identify three main structural causes for lack
of model transparency, which we will elaborate on in the next paragraphs:

e The size and complexity of environmental models.
e Lack of incentives for environmental modelers to display transparency in their work.
e The use of computers. .

Only a general change of attitude, including model developers, stakeholders and the scientif community as a
whole, may improve this situation.

4.1. Model size and complexity

Following guidelines of good modeling practice, the developers of our case study models had made descriptions
available of the concepts, processes and calculations steps included in their models. However, these descriptions
only contained arbitrary selections of parts of the models. Making only part of a model explicit is a pragmatic
choice because environmental models are typically big and complex. Describing all elements in the models
requires a lot of time and does not fit within the constraints set by scientific publications or project budgets. The
question is whether complexity is a required attribute to begin with. The complexity and size of environmental
models is increasing with the advancement of computational systems, the development of integrated modeling
approaches (Seppelt et al., 2009) and the modification of successful models to fit new purposes (Merali, 2010).
However, the essence of modeling is abstraction and simplification by making appropriate assumptions. It is
necessary to determine an adequate level of model complexity not only improve model performance (Jakeman et
al., 2006; Seppelt et al., 2009), but also to enhance transparency.
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4.2. Lack of incentives

Environmental modelers do not always display transparency in the modeling process for several reasons. Firstly,
they preferably do not disclose model imperfections as these could be considered as failures (Barnes, 2010). We
note however that any model is imperfect. Secondly, modelers are hesitant to give away the intellectual property
that is embodied in datasets or source code (Barnes, 2010; Kleiner, 2011). Finally, documenting models carefully
is a labor-intensive (Barnes, 2010; Kleiner, 2011) and not very interesting job, in particular considering the on-
going development of some models. Schmolke and co-authors (2010a) observe that in general there is a lack of
incentives for modelers to follow good practice.

Regarding transparency and reproducibility, the incentive may come from peers, stakeholders and journals who
request openness. Model developers would spend more time and effort writing clear and comprehensive model
documentation when there is a demand for it, for example in cases with an extensive and well defined user group.
It is not a habit of environmental scientists to publish their data or source code, nor are there many scientific
journals that require them to do so (Barnes, 2010; Kleiner, 2011; Merali, 2010). However, when they are
requested or even obliged to share their data and code it will make model results and insights replicable, it will
make model developers more accountable and it will enhance cooperation between scientists (Barnes, 2010;
Kleiner, 2011; Merali, 2010).

4.3. Use of computers

Of course the use of models and networks has had enormous impact on environmental modeling. It has
accelerated development and use of models dramatically, because vast amounts of data and computations can be
processed in limited time. But environmental modelers often lack the time and skills that are needed to perform
rigorous testing and clear annotation of their models (Kelly, 2007; Merali, 2010). Instead, they prefer to focus on
‘model validation’, i.e. verifying whether the model results match their expectations or real world observations.
Here we observe a striking difference between scientific and commercial programming (Merali, 2010). Training
scientists by professional software developers may be useful, but does not solve the entire problem, as this will
lead to focus on system architecture and computation, and cause negligence with respect to descriptive side of
modeling (Merali, 2010; Villa et al., 2009). The leading principle of scientific software should be 'representing
applied scientific knowledge', which requires specific software development skills and tools. For many
environmental models though the original source code (of the proper model version) is the only accurate
description of the model. This programming code cannot be read by most model users, if it is available to them at
all. But more important is that the source code does not represent the assumptions made by the modeler, i.e.
which phenomena are (not) taken into account (Villa et al., 2009). We postulate that each model requires
conceptual description that is accessible and comprehensible to all stakeholders, and that is consistent with the
model source code.

4.4. Change of attitude

We find that the present lack of model transparency and reproducibility can only change with a general change of
attitude with respect to handling complexity, introducing incentives and conceptual modeling. This change of
attitude concerns all parties involved in the development and use of environmental models, viz. modelers, peers,
journals and stakeholders. A model is not a crystal ball that provides certified and unambiguous predictions, but a
tool to discuss premises (assumptions) and their consequences. Of course a model should be based on
scientifically established theories, but it should be clear how these theories are made operational. When
approving publication of environmental models, peer reviewers should take their responsibility for the underlying
assumptions and choices. The same is true for decision makers when they use environmental models in exploring
the consequences of alternative policies or management scenarios. A necessary condition is that peers and
decision makers are able to examine these premises and assumptions, but when they lack information it is their
responsibility to request openness from model developers or journals.

To achieve this general change in attitude, we see a few promising developments. Firstly, an increasing
awareness exists of the importance of methods to provide credits to modelers and data providers. This can be
done through formal authorship, scientific ranking, licenses and other incentives. There is a growing awareness
of the importance of open source code and data (Barnes, 2010; Boulton et al., 2011; Kleiner, 2011). Scientific
disciplines like astronomy and genomics as well as software engineering in the public and commercial domain
can provide useful lessons here. Secondly, the web can be used to support the openness on models. It can relate

2959



de Vos et al., Are environmental models transparent and reproducible enough?

models to journal papers through the possibility to deliver additional materials with the article, a feature that more
and more journals offer. For journals, it might be time to make this delivery of additional material for models and
data into an obligation. Semantic publishing of journal articles, which allows readers to access and interact with
the data and conceptual knowledge of the corresponding model can then be the next step (Attwood et al., 2009;
Shotton et al., 2009). Current developments in the Web of Data are perfectly suitable for publishing conceptual
models based on shared vocabularies and for representing complex model systems in a clear and explicit way.

5. CONCLUSION

Our findings suggest that environmental models lack essential quality characteristics in terms of transparency and
reproducibility. This raises the concern that they are being used in applications without respecting and discussing
their underlying choices and assumptions. We identify three structural causes for this lack of transparency and
reproducibility: (1) the size and complexity of environmental models, (2) a lack of incentives for environmental
modelers to be to transparent in the modeling process and (3) the use of computers and the focus on computation
and simulation instead of the descriptive side of modeling. We submit that openness in the modeling process can
only be achieved with a general change of attitude. On the one hand model developers must become explicit and
open about their choices and assumptions. On the other hand peers, stakeholders and journals must request
openness and challenge these choices and assumptions. In an operational sense, computers and networks can be
turned to their advantage by having them disseminate high-quality model descriptions using shared vocabularies.
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