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Abstract. Climate models are not just physics translated into computer code. They are powerful actors influencing and in-
fluenced by humans. Thus modelers need to learn and modeling courses need to teach not only the techniques of numerical
discretisation and the physical understanding of the climate system, but also the underlying motivations, the uncertainties and
the societal embededness of the modeling approach. Following a design-based research approach, this study develops a 50
hour long course at Bachelor level that aims to teach students such interdisciplinary perspectives. With a reflective open-ended
exercise, we elicit students’ learning process through challenging climate modeling topics. We find that the students learn to
appreciate the complexity of climate models and the intricacies of scientific practice itself, highlighting for example the role
of values in science. The exercise reveals few misconceptions and no major hurdles in the students’ learning that may have
been expected from the interdisciplinary nature of the material. We thus conclude that the course is a practice-proven approach
to teaching the physical basis of climate modeling as well as its critical reflection. Together with the openly shared material,
it supplies an inspiration and practical template for lecturers to include more interdisciplinary content and reflection into their

modeling courses.

Copyright statement. Author(s) 2025. CC BY 4.0 License.

1 Introduction

Geoscientists are trained to think of climate change as a technical issue. In its simplest form, it is a problem of greenhouse
gas emissions. Diving deeper, it relates to an entanglement of Earth system processes and compartments, providing ample
justification for detailed investigations of those. To cope with this immense complexity and to tame it in order to provide
projections, general circulation models (GCMs) have been developed. GCMs solve the equations of fluid dynamics numerically
and include other (parameterised) computations of for example radiation and clouds’ formation or effects (Gettelman and Rood,
2016; Easterbrook, 2023). They have gained authority in climate science and beyond (Sundberg, 2007; Heymann, 2020). GCMs
have allowed investigating the threat of climate change in the first place, raised it on the political agenda, and are exceptional

tools for attribution, process and sensitivity studies (Shackley et al., 1998; Edwards, 2001; Parker, 2003; Heymann, 2013),
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Thus modelers yield powerful tools, yet these are not neutral. On the one hand, they are not built straight from physical
principles. Instead, modeling involves “literally thousands” of “unforced” methodological choices (where one option is not
“objectively better” than the alternatives; Ward, 2021, quoting Winsberg, 2012). These allow human influences to enter the
design and analysis process. In environmental modeling, development decisions have been shown to be influenced by modelers’
habits (Babel, 2019), context (Addor and Melsen, 2019; Melsen, 2022), and values (Undorf et al., 2022). On the other hand,
GCMs shape climate science as well as society and the public understanding of climate change. They tighten the grip of
natural sciences around the understanding and discussion of climate change, emphasizing projections and a problem-solution
or managerial policy framing (Shackley et al., 1998; Hulme, 2008; Mahony and Hulme, 2016). For example, Heymann et al.
(2017b) criticise that GCMs sidelined alternative approaches to understanding climate. The global view propagated by GCMs
restricts the space of imaginable interventions (Heymann et al., 2017b). It is also separated from local, personal experience and
perception (Mahony and Hulme, 2018).

The issues sketched above were studied and brought up by researchers from history and philosophy of climate modeling, or
science and technology studies (STS, Jasanoff, 2007; Sismondo, 2010), but they have become part of the (climate) modeling
debate (Rodder et al., 2020; Pulkkinen et al., 2022; Remmers et al., 2025b). While they have motivated the reflection on good
modeling practices (Saltelli et al., 2020; Jakeman et al., 2024), they have yet to reach many modelers and model developers
themselves. For informed and active reflection to become part of modeling practice, it also needs to be integrated into modeling
education. In addition to learning the physical and technical basis of how to construct numerical models, modelers also need
to learn to reflect on other influences and model limitations, such as modeling motivations, model uncertainties, and models’
historical development.

A particular motivation and challenge for this kind of learning lies in the inherent interdisciplinarity. Students should learn
the actual modeling application (model building and use), as well as the historical and philosophical reflection on it. Alves
(2012) highlights that especially for Earth System research, this interdisciplinarity is key, as the field needs to grapple with
attribution of environmental changes as well as societal responses. Similarly, Rafolt et al. (2019) argue that socio-scientific
issues like climate change require both scientific literacy and critical thinking. For hydrological modeling, Remmers et al.
(2025a) argue that modeling education should include basic learnings from social science as well as reflexivity (see also
Oldfield, 2022). The current study presents an interdisciplinary course on climate modeling, called “Hello world! From
numerical programming to complex climate models”, as we have taught it in 2024. Following design-based research practice

(see Sec. 2.1), we have developed a course for high-school students that aims to teach (see Fig. 1):
1. how to translate differential equations into a numerical model of a given system
2. the various roles of model building in science
3. the structure, function and peculiarities of GCMs

4. an interdisciplinary reflection on climate model building to understand the role of models holistically
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Figure 1. Content of the course, divided by the four topic groups or aims of the course (colors). The content builds up from bottom to top in
principal, as indicated by the arrows and numbering in a), but as we detail in Sec. 3.2, we integrated the content more and more to have the
understanding of the numerical modeling and the philosophical perspectives and science and technology studies (STS) content benefit each
other, as evident in the chronological course structure detailed in b). The reflective exercises are indicated in b), and they each covered all
the modules treated before each exercises. Each of the three rounds included the “a posteriori” and the “a priori” question and the analysis
in Sec. 3 treats all three rounds of the exercises at the same time. The colors correspond roughly to the ones used to illustrate the content

analysis results in Fig. 2 and 3. For the detailed course structure, see Table Al. The sketch is based on Corona Bustamante (1860).

While these topics may seem advanced, the course is entry-level and requires no BSc level knowledge or coding experience.
It can certainly be adapted to a university, informal education or outreach setting. To our knowledge a course like this has not
been documented in the literature before, and thus this study contributes to a generally small base of literature that explicitly
treats the teaching of climate modeling (see e.g. Storch et al., 1999; McGuffie and Henderson-Sellers, 2005; Stensrud, 2007,
Stocker, 2011; Slawig, 2015; Gettelman and Rood, 2016; Bice, 2001; Bhattacharya et al., 2021; Seeley, 2023; Office for
Climate Education (OCE), 2024). Our goals for this article are twofold: First, document the course to give inspiration and
materials for others (see course schedule in Appendix A and also the teaching material shared at Proske and Staab, 2026).
Second, evaluate our concept to teach both modeling knowledge and its reflection at the same time. Due to the qualitative
methodology employed, our findings are conceptual and subjective in that we interpret how the course resonates with the
students. In particular, we evaluate scientifically whether the course triggers a reflection process for the students and what that

looks like.

2 Methods

This course was developed for and taught at the NAka, a two-week summer camp in Papenburg, Germany, for especially
motivated German high-school students. In total, around 100 students take part in the NAka program each year, aged between

15 and 18, and they are distributed over six courses. The courses are taught by young adults with university education in the
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field they are teaching and ideally with some teaching experience. When students apply, they select 5 out of the over 50 possible
course choices from around 10 similar camps taking place over the summer. The NAka, however, is the only such camp with
a focus on sustainability and climate change, which may affect students’ choice of the course. The NAka is organized by the
non-profit organisation JGW e.V. The camp’s goal is to teach a holistic understanding of climate change and sustainability,
foster participants’ skills, and encourage them to take responsibility and engage in society JGW e.V., 2025).

The NAKka creates a special learning and teaching experience, where several factors need to be highlighted for the course we

present here and our study

While the participants are high-school students, the course is aimed to be at a Bachelor studies university level. This
is to challenge students who perform well in school, but also to teach something outside their school curricula and to
accommodate the fact that the previous knowledge of participants is varied (since students come from all over Germany

as well as German schools abroad).

— Students attend the camp voluntarily, the course was one of their selected five, and they have been suggested for partici-
pation by their school teachers. Thus their high motivation makes for an especially fruitful learning experience, both for

them and for the teachers.

— Our engagement in the NAka is a voluntary and unpaid free time activity. Our disciplinary background is in climate
science, physics and numerical modeling, with university teaching experience in lectures and tutorials (see also Sec.
2.3). While the course benefits from our knowledge, and research and teaching experience, we approach it with few

organisational restrictions which enables us to design the course freely.

It’s a summer camp! There are no assessments or gradings included in the course, activities need to be engaging, and we

aim for an enjoyable atmosphere.

A usual day at the NAka consists of 3.5 hours of coursework in the morning and 2.5 hours in the afternoon. In total, there are

50 hours of coursework. Our course in 2024 had 17 students (mixed gender).
2.1 Design-based research

In developing the course, we were engaging in design-based research (see, for example, Assaraf and Orion, 2009). This branch
of education studies simultaneously develops, tests and improves an educational module, proceeding over iterative cycles.
Cohen et al. (2011b, Chp. 16.10) link it to engineering studies, where prototypes are developed, tested, and the feedback is
applied to a new development round of the product. While our analysis for this study rests on the 2024 course edition, we have
taught the course four times in total (2022 — 2025). During the first two years we incorporated participants’ feedback (see Sec.
3.2). Then we took the third year (in 2024) as an opportunity for a more thorough evaluation of the course concepts. The design-
based research framework fits our approach because it formalises our two-fold goal of designing and researching the teaching
and thereby fruitfully combines our two interlinked roles of teachers and designers. In design-based research, the “agenda of

the designers is seen as a positive force rather than a threat to validity” (Hoadley and Campos, 2022). Moreover, the approach
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is interventionist, for example allowing “tweaking the intervention to better match the design intent mid-implementation”
(Hoadley and Campos, 2022) rather than sticking with an ill-suited design in order to keep study conditions constant. We made

use of this when improving the course in between editions.
2.2 Research questions and their assessment

For the third cycle, we set out to not only evaluate and improve the course in terms of direct feedback, but wanted to dive
deeper into understanding the students’ learning progress. Our goal for the course has been to teach both numerical (climate)
modelling and its critical reflection. The combination of natural sciences with philosophy of science and STS has been a
thought-provoking and challenging experience for us. We were motivated to give students in the course a similar intellectual
experience as well as a holistic picture of climate change modelling as a socio-scientific issue from the start (Rafolt et al.,
2019). During the first two cycles, we have noted incidents that hinted at individual students undergoing a profound change of
their perspectives and conceptions. Therefore, in the third cycle we wanted to study what that process looks like and whether
more than single students were undergoing it. Additionally, we were interested in which modules in particular facilitated the
learning process and where students faced challenges integrating modules with their thoughts. Accordingly, we formulated our

research question as:

In our interdisciplinary course on climate modeling, what does the students’ learning look like and does it align
with envisioned learning outcomes? What thought processes does the course trigger? Do we see evidence for

change in students’ thinking about climate models?

In choosing the assessment method we were guided by the following considerations.

As time for the course is short, the course should not be interrupted by extra activities, but these should be integrated

into the course flow.
— The participants should gain something from the tasks they fulfill for the assessment.

— The exercise should not feel like they are being “assessed” in school, which would entail pressure as well as an enhanced
risk of the “good-subject effect” (Orne, 1962; Nichols and Maner, 2008, a form of participant bias), meaning that the

students would be encouraged to answer what they believe we would want to see.

— Assessment products should be written down in order for us to have them documented and accessible for analysis and

interpretation further on.

— The assessment exercise should take place close to the modules that we foresee to trigger thought processes (‘“Climate
model structure” and uncertainties; "philosophical problems”, trust and co-production; “culture of prediction”; values
and visions; see Table Al). In the second cycle (2023) we attempted to get an impression of students’ reflective change
by asking in a survey in the end how their perceptions changed, but their answers were shallow and short. Thus, for the

formal evaluation in the third cycle (2024) we opted against an assessment at the end of the course.
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— We chose a method with multiple iterations so that we could have improved the approach if it had appeared unfruitful.

— Since the goal of the exercise was reflection, it should be open enough so that students can answer individually rather

than having their thoughts pressed into a template.

We thus opted for the iterative direct assessment of students’ perception changes in a reflective exercise. Asking students for
changes in their thoughts and opinions directly demands a high level of self-reflectivity on the spot. To ease them into this task,
we chose to ask first what thoughts or new ideas were going through their head after a specific module (posteriori). In a second
step, they were asked to add what they had been thinking about that topic beforehand (a priori). The direct confrontation
was thought to be helpful for the students’ reflection, but bears the threat of increasing the “good-subject effect.” For each

assessment we asked:

— a posteriori: “In relation to the material covered in the last class session, note which ideas, insights or concepts are

spinning in your head now. You can do that in the form of, for example text, notes or pictures.”
— apriori: “Consider how you have thought about these concepts before.”

to address the research question. We repeated this exercise 4 times, giving each of the questions 5 minutes of time (see Fig. 1
and Table A1, where the latter indicates that the fourth time was excluded from the analysis for this study, which is why we
refer to only three exercise rounds in Fig. 1 and the remainder of this manuscript). After each exercise, we had a short plenum
discussion, with students being asked to name and explain a point from their list, collecting them on a whiteboard, and giving
others and us the chance to comment or ask questions. In this way, students could learn reflection also from each other, and we
could learn from their explanations, also in order to clarify the assessment.

After the course completion, we applied inductive, open-coded content analysis (Cohen et al., 2011a) to the students’ output,
using QualCoder (Curtain and Droge, 2025). The first author coded for ideas and conceptions that came up, tagged each of
them according to whether they belonged in the a priori or a posteriori category. For example, the statement “Significance of
values and society for goals and principles of climate science” was coded as “After: role of values in science”, “values enter
science” and “combine science with social science”. We described the latter code as “to understand climate science, science
and social science come together”. This assignment includes some inference from the student’s statement and highlights the
interpretative nature of the coding. The resulting codes and their descriptions are listed in Appendix B. The Appendix also lists
the few codes that we excluded from the analysis because they relate to features of the climate system that the course treated
but that the reflections were not targeting.

To evaluate the dependence of the coding on the coder, intercoder reliability was checked. After coding was completed by
the first author of this paper, the second author went through 17 randomly sampled quotations and assigned the first author’s
codes to them. Comparing the coding between the two researchers, for 15 (88%) of the quotations, the second coder assigned
at least one code that fit directly one that the first coder had assigned (intercoder agreement); for one quotation, they afterwards
agreed on the label of the first coder; for one quotation they assigned 4 and 3 codes, respectively, and while none of them

matched, they understood each other’s reasoning. While these results indicate shared understanding between the two coders,
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they again highlight the interpretative nature of the coding exercise, especially when assigning many codes in total and multiple
per quotation. Note that not all codes that we found form a part of our analysis and the presented figures, but we focused on
those that contributed to answering our research question.

Prior to the NAKka, all students and/or their guardians provided their informed consent to participate in our study, which had
been approved by the WUR Research Ethics Committee (approval number 2024-069). The students also all had the opportunity

to offer feedback on the manuscript before submission.
2.3 Positionality

Our position and experiences shape the knowledge that we produce as researchers (see, for example, Hausermann and Ado-
mako, 2022). Thus it is important to make them explicitly transparent (Cohen et al., 2011b, pg. 225). In this case, our role
in this research is shaped by our deep engagement and identification with the NAka project, as we have both been involved
multiple years, and one of us is a former participant as well as former project leader. During each course year, the students and
we build a relationship that is conducive for teaching, but also colors our approach to the students as research subjects. It may
also enhance the participant bias (Nichols and Maner, 2008). In addition, we have teaching training and experience, but are by
no means educational (research) experts. Thus, our goal with this study is not to provide an objective evaluation, but rather to
showcase a course approach that has proven itself in practice. Rather than hampering the results, we think our enthusiasm and

the relationships we built play a large part in the success of the course.

3 Results and discussion

The primary result of design-based research is the course itself, which we describe in Sec. 3.1. Sec. 3.2 deals with changes
that occurred as we were improving the course design between iterations. The evaluation of the course in terms of students’

thought process and thus the answer to our research question is given in Sec. 3.3.
3.1 Course

Fig. 1 and Table A1 give an overview of the course schedule. It is divided broadly into two themes: the first theme is concerned
with the mathematical and physical aspects of numerical modelling and its application to climate models, while the second
theme reflects model building critically and discusses the development of climate models in a socio-historic context.

The first topical module introduces numerical modelling as a general method and its various applications. To motivate the rel-
evance of numerical modeling we showcase examples from various scientific disciplines in the form of pictures, brainstorming
possible subjects and their diverse goals and challenges with the students. Next, we define the modeling of dynamical systems
more formally and agree on a common nomenclature. This is achieved via a student presentation showcasing the differential
equation (DE) of a simple physical system. To practice the newly learned terminology for the different types of DEs and their

constituents we use further examples of DEs describing dynamical systems in natural sciences.
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The next module is concerned with the analytical solution of the DEs. Given the varying mathematical education of the
students this is a challenging topic. Therefore, we solely rely on finding a solution by means of “good guessing”. The difficulties
encountered during the exercise and the fact that the analytical method is only limited to a small collection of simple systems
motivate the use of numerical methods for the remainder of the course.

As the most basic discretisation method for solving ordinary DEs numerically we introduce the Euler method (forward
and backward). For practice we let the students solve the logarithmic spiral only using pen, paper and a calculator. Since this
example was already part of the analytical exercise, the students were able to compare both methods. The important lessons
are: 1) the numerical method is not exact as it deviates from the analytical solution and ii) the numerical method takes much
effort since many more computational steps are involved. This is why we ultimately resort to computers for automating the
calculations.

Our course has no requirements on prior knowledge of programming. Therefore, we teach the basics from the ground up
using a simple tutorial notebook that includes exercises. As we do not have the time for an extensive programming class we
follow a learning-by-doing approach in the rest of the course and rely on more experienced students to help less experienced
ones. Our choice of programming language is Python as it is easy to learn and widely used in the scientific community.

Then, we form the basis for understanding the climate system and its numerical modelling in climate models. This is achieved
via first collecting students’ prior knowledge of the Earth system and their interactions in a black board diagram. Additionally,
there is input on climate change, climate model structure and the uncertainties in climate modelling via student presentations
to dive deeper. Climate models are explored hands-on by showing the students actual climate model code and via the IPCC
Interactive Atlas (Gutiérrez et al., 2021; Iturbide et al., 2022), which illustrates real model output for different variables and
scenarios. Furthermore, the students write their own program to model a simplified version of the greenhouse effect, which
illustrates the usefulness of numerical simulations to study processes in the Earth system.

To further practice numerical programming and learn about model building the students work on programming projects in
groups. We offer a diverse set of topics (see Table A1) related to the Earth system that highlight different aspects of dynamical
systems, e.g., feedbacks and chaos, and also different technical intricacies of numerical modelling, e.g., the comparison of
alternative discretisation schemes for partial DEs. Half way into the programming projects we ask the students to reflect on
their efforts: Why do we model? This question bridges to the second theme of the course about critical reflection of model
building.

This second thematic part covers the goals underlying climate model development, issues in the interpretation of climate
model results and their development as embedded in the societal context. For example, by constructing a timeline from given
index cards, the students dissect the co-evolution of climate models alongside relevant historical events (for the material, see
Proske and Staab, 2026). The subsequent first silent and then guided discussion reflects how the historic context has influenced
the field of climate science and thus how models and for example views of a global Earth were co-produced (Heymann, 2019).
In another exercise, the students get to know three main motivations or visions for climate model development by assigning
quotes or methods to the vision categories. These have been developed by Shackley et al. (1999); Shackley (2001); Sundberg

(2009) and summarized by Proske et al. (2024) as the representative, predictive and heuristic vision. These visions put the focus
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on the model being a copy of the real system, providing accurate forecasts, or on being used as a tool to generate understanding,
respectively. While these visions can work together, they may also lead to conflict, for example where more detailed models that
are more representative become too complex to understand, thus decreasing their heuristic utility (Proske et al., 2023, 2024).
Parker (2006) and Winsberg (2012) have explained some problems of climate modeling from a philosophical perspective, such
as distributed epistemic agency and generative entrenchment. These texts serve as the basis for a group work where students
read the texts in groups and then present them to the others in a creative format. An example of a particularly vivid display is
shown in Fig. 4 and described further in Sec. 3.3. After discussing long- or outstanding issues in climate model development,
we find it important to circle back to the question of why one can trust many climate model results after all. Knutti (2008a, b)
has written accessible elaborations of the reasons that serve as the basis for one student pair’s presentation. The course content
ends with a “fish bowl discussion” of climate scientists’ position in the climate change debates. In a “fish bowl discussion”,
students are divided in groups and get some input for a particular position they are asked to represent. One student of each
group then sits on the podium and represents this position in the discussion, but at any time another member of the group can
leave the audience, tap on the discussant’s shoulder and take up their position on the podium, allowing everyone to participate
and bring fresh arguments to the table. In our case, the positions ranged from disinterestedness in public discussion to activist
positions. While students can use knowledge gained in the course to back up their arguments in the ensuing discussion, the

topic circles back to the idea that climate models are a product of and feed back into our society.
3.2 Course development cycles

Each of the four years that we taught the course (2022 — 2025) offered an opportunity for improvement, based on our own
experiences and students’ feedback. After initial struggles with the analytical solving of differential equations, the basics of
numerical modeling and model building seemed to always be well understood by the students. Integrating the philosophical
perspectives and STS content was more challenging. In the first year, we separated the numerical modeling from the “Interac-
tion with society and critical reflection” as a first and second thematic block, but in the following years we integrated the two
approaches more. The integration serves to have the understanding of both perspectives benefit each other, with parameterisa-
tions being a key component of model formulation and reflected in the representative modeling vision, but also a basic reason
for modeling uncertainties. Also, the integration allows to mix methodologies, with more discussions and text-based work in
the “Interaction with society and critical reflection” part of the course. For the same purpose, we have increasingly dispersed

the students’ presentations throughout the course. Appendix A provides the course schedule from the third iteration (2024).
3.3 Reflective exercise

Fig. 2 shows the topics that participants included in their reflective exercises. After inductive coding, we found that main
topics correspond to topical blocks in the course program, for example model problems, visions, or the concept of a culture of
prediction (Heymann et al., 2017a), and thus assigned those deductively (compare Table A1). Regarding our research question,
this already shows that the learning aligns with the teaching goals. The frequencies of topic mentions also relate to when the

reflective exercises were conducted (see Fig. 1 b): for example, the topic group “1. Dynamical systems” was not explicitly
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Figure 2. Overview of topics brought up in the reflective exercises, over all three assessment rounds and both a posteriori and a priori answers.
The codes are color-coded by topics as in Fig. 1 (red tones for “Interaction with society and critical reflection”, blue tones for “Modeling
the climate system”), but deviate from the exact topics mentioned there, because students were only reflecting on parts of the course, and
noted other points than we considered in the course structure that underlies Fig. 1. For example, the topic “How science works” was not an
explicit part of the course structure and is thus marked grey. The topics were assigned inductively during the content coding and are meant as

representations rather than mutually exclusive definitions. See Fig. 3 for codes that specifically treat the “a priori” and “a posteriori” content
of the exercises. The circle areas correspond to the number of times th0 codes were assigned.
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sampled, because the emphasis of our evaluation was on topic block 3 and 4. Regarding climate model development — one
of the most prominent topics mentioned — students highlighted topics that were explicitly treated in the course, such as the
model structure or parameterisations (Stensrud, 2007). A particular piece of research that has left an impression on some of
the students is climate model geneaology (Knutti et al., 2013; Kuma et al., 2023), meaning how different (generations of)
climate models are interconnected, for example by one model being built on the basis of another. In particular, Kuma et al.
(2023) have provided a display of models’ relationships in their Fig. 2, which we have used to visualise both the multitude of
models, the countries of those who develop them and the interrelationships. This visualisation speaks to the students as they
have repeatedly referred to it during discussions in the course.

One prominent topic in the participants’ responses are the different modeling visions. The understanding that there are mul-
tiple visions that may lead to conflict emerges directly from the corresponding exercise conducted in the course (see Table A1).
However, two students also expressed the idea that the different visions lead to more diverse science, i.e. multiple approaches
being followed. While this positive understanding was not an explicit part of the exercise, it corresponds to arguments in favour
of climate model hierarchies as brought forward in the literature (Jeevanjee et al., 2017).

Another topic is that of how science works. That this topic came up is surprising to us because it was not explicitly treated
in the course. Here participants viewed science as a practical job, the scientists as people, and scientific process in general
as not being objective (as discussed by Stefanidou and Skordoulis, 2014). For example, one participant commented on the
“chaotic scientific work™ and elaborated that “the everyday life of science is by far not as polished as papers can make it seem
[TN19, RE2].” In particular, one participant seems to have imagined themselves in the climate modeling job, asking “How
many feelings of success does one have in climate modeling? [TNO3, RE1]”

There are no clear misconception in the responses. However, the pronounced presence of the “scenarios and manipulation”
code topic strikes a cautious note. This topic arose out of the course work with the IPCC Interactive Atlas (Gutiérrez et al.,
2021). Students were asked to think of a question to investigate with the simulation results and plotting capabilities available
on the platform. In the discussion of their results, we paid particular attention to how the different time frames and climate
change scenarios they used can influence the answers to their questions. Our treatment of the influence of scenario choices
seems to have combined with pre-conceived ideas of manipulation to form the idea that scenarios can be or even are used to
manipulate: “by choosing different scenarios one can easily manipulate humans” [TN13, RE2]. Informal conversations with
students at the NAka 2025 pointed us to what these pre-conceived ideas could be about: students were sensitive to fake news
and manipulative statements, seemingly because of frequent treatment of these issues in school (see e.g. ISB-Arbeitskreis Link-
Ebene, 2004; Democratic Schools for All, 2026), also due to the growth of right-wing populism in Germany (Franke et al.,
2024). While scenarios do have a large influence that should be questioned, manipulation is not what climate science uses them
for. Here we recognize an issue that STS have had to grapple with: on the one hand, from a constructivist point of view one
comes to criticise the power of science and its human foundations (see, for example, Jasanoff, 1996, and Moon and Blackman,
2014 for an explanation of constructivism). On the other hand, most critics do recognise science’s results as true and do not
wish to imply that for example climate change is not real. This is a delicate balance to be struck (see, for example, Schindler,

2020). From the students’ responses we saw that they conflated subjectivity within the scientific process with more or less
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Figure 3. Codes that emerged from the content analysis of the students’ three reflective exercises (see Fig. 1 b), specifically regarding what
they answered as concepts and thoughts they had a) “a priori” the course or course module and b) “a posteriori” the course module. Fig.
2 treats the topics brought up in the exercises more generally. The codes are color-coded by topics (related to Fig. 1) and the circle areas
correspond to the number of times the codes were assigned. Note that quotes could be assigned to multiple codes were they fit to multiple.

The circles for “a priori” are generally smaller because students noted fewer points (for example none for differential equations (DEs)).

deliberate manipulation. Consequently, we took more time in the next year to introduce scenarios more rigorously, detailing
their scientific basis as well as the choices embedded in their creation and the need for careful interpretation of the scenario
used in a study.

The second part of the exercise also targeted changes in students’ perceptions, as they had to describe how they thought
about the mentioned topics before the course or before the last course modules. Fig. 3 displays the results of that exercise. The
answers to the different rounds of the reflective exercise are combined here, because answers usually do not refer to (topics of)
past modules covered in other rounds. In general, students reported less knowledge before the course and simply not having
thought about some issues before (for example “I didn’t know so clearly that there are also many negative feedback loops (I had
only heard of the halting of the Gulf Stream before)” [TN16, RE2]) , which supports the course’s goal to introduce knowledge
from beyond what is present in high-school curricula. When they knew a concept from before, some students said that giving
it a name makes the concept more concrete. Establishing a language to grasp concepts and talk about them is one part of
what social science knowledge can do for natural scientists, as for example Remmers et al. (2025a) explain. With regards to

climate models, multiple students reported to have found them “unimaginable” [P3, RE1] before, but that their idea of them
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became more concrete. In that sense, the course allowed them to un-box climate models and build an understanding as a basis
for interpretation, as students demonstrated with the exercise displayed in Fig. 4. The understanding that climate models are
complex goes hand in hand with this unboxing. One students said they had been aware of complexity before, another said they
had underestimated it, and more had been unaware before. Human influence was a topic that was more frequent in ““a posteriori”
comments, where students realised that scientific endeavours such as building or running a climate model are subject to values
and human influences, again in line with the course content.

A particular insight into participants’ thoughts during the course came from the questions they asked themselves during the

reflective exercise. During the first exercise, one participant asked (arrow present in their notes):

How much of climate modeling is logical and easily explainable and deducible? — How much can/could we

implement in our own climate model? [TNO4, RE1]

We interpret this as an awe of climate modeling and the complex concepts they thought would be underlying it. Others were
wondering already: “How good / precise can a climate model be? [TN10, RE1]” and how this precision could be increased.
One participant was increasingly doubting whether a “perfect” climate model is even possible. “How can one make projections
of climate models more secure or rather more precise? — Is this possible with the current computing power and the time that

one would need to spend to find possible errors? [TN06, RE2]” They added in the third round:

Is it even possible to write a “perfect” climate model, if one is using prior data and models? — This question
arises for example because of mistakes in initial computations — requires enormous amounts of data and variables

[TNO6, RE3]

Others took this question further, wondering whether such a model would even be useful: “What are the advantages of more
precise climate models? Does that influence human action? — Aren’t current statements enough? [TN10, RE3]” The course-
block on the historical evolution of climate modeling brought up the question of how it will continue: “History of (climate)
science extremely interesting — for me it raises the question: where are we going? How will these sciences evolve? [TNO3,
RE3].” These comments and questions highlight that at least for some students the course prompted a thought process on the
goals and future of climate modeling.

A particularly vivid display of students’ thinking about climate models emerged from the exercise on climate model prob-
lems. Three groups were asked to read different excerpts from Parker (2006) and Winsberg (2012), discuss them and present
the content to the other groups, in a creative format. The group tasked with the excerpts from Winsberg (2012) decided to turn
a small spare room into a climate model display. Fig. 4 shows how they used flipcharts as model components, ropes to link
them, and annotated the ropes with the linking elements. For example, aerosols would be linking the atmosphere and radiation
component of the model. Model components were written in different languages to represent international development dis-
tributed in time and space. They purposefully included a mistake or bug in the model (Pipitone and Easterbrook, 2012; Proske

and Melsen, 2025), and the overall entanglement of the ropes served to represent the complexity of the model.
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Figure 4. Students’ result of the task to creatively present their text from the “Climate model problems” module. They chose to represent a)
a climate model in the room. Climate system components are displayed on b) flipcharts. Interactions between them are displayed with ropes

named with c) tags.

3.4 Caveats and limitations

The reflective exercise we conducted revealed topics students were debating at the time of the exercise. On the one hand, these
mostly aligned closely with the course content, so it was difficult to identify students’ personal thought process amidst the
general course progression, and thus our contribution to that research question is limited. On the other hand, many codes of
the students’ answers only had one count, as students mentioned a wide potpourri of statements among each other. That each
student takes away something different is of course an interesting feedback and learning for the teachers. It also confirms that
the method was suited to allow for a wide range of responses and gave students the freedom to detail their own thoughts (which
then still were closely aligned with the course progression). One weakness of the method was that students often did not spell
out the “a posteriori” when naming the “a priori” and vice versa. For example, they said climate models were unimaginable
before and that only implied that it is not unimaginable afterwards anymore. A clear caveat to our approach are the various
forms of participant bias. For example, in an assessment setting, participants are prone to answer according to how they think
their viewpoint and ideas should have changed from our point of view. We addressed this by explaining the purpose of our
study to the students and encouraged their own scientific curiosity in the reflection. In addition, the plenum discussion following
the exercise provided us the opportunity to analyse their expressions in more context. The exercise did encourage students to
reflect, as the nature of responses changed from content and feedback related notes to reflections with more exercise rounds.

Reflective group discussions or a reflective essay may have provided more in-depth views of students’ reflections.

4 Conclusions

We have presented the making and evaluation of an interdisciplinary course on climate modeling that combines physical knowl-
edge about the climate system and how to construct numerical models with perspectives and reflections from philosophy of
climate science and STS. In this study we wanted to understand what the students’ learning looks like, whether the course trig-
gers thought processes and in particular changes students’ thinking about climate models. The learning and thought processes

triggered by the course are clearly visible in Fig. 2, 3 and 4. The course taught the students not only how to set up a numerical
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model themselves, but expanded on a reflection on climate models inspired by historical, philosophical and STS treatments.
Students displayed a learning of the physical science and the reflection content together, and grew to have a multi-faceted view
of climate modeling with an advanced view on climate models’ challenges and problems as well as on science as a human
enterprise. From the different modules we surveyed, none stood out as a particular challenge or catalyst. We found little ev-
idence for misconceptions that students developed, and similarly no clear challenges or hurdles that arose from the course’s
interdisciplinary content. In a previous course edition, the reflections on the influence of values on climate model development
and use were treated in the last days of the course. Back then, one participant told us that this shook up their whole belief
in objective science, and that they would have liked to have more time to process this during the course. Thus, we expected
protest or at least critical questions from students overwhelmed by the combination of learning differential equations at the
same time as the societal influence on science (akin to the “disorienting dilemmas” studied by Feng et al. (2025)). These were
missing from our results. Because these questions also did not appear during the course, we conclude that students simply were
not shocked. We suspect that without students having undergone a full scientific academic education, attacking the pillars of a
positivist belief in scientific truth does not in general shake them up. This may also be an indication that while students take
up the knowledge easily, they do not integrate it immediately into their belief system and therefore do not show an emotional
or deep-felt response.

Design-based research is a continuous journey. From the findings of the present study and the direct feedback from the 2024
students we have again modified the next course iteration in 2025. For example, we introduced scenarios more explicitly in
order to pick up students’ thoughts on human “manipulation”. Because students criticized too much time in plenary discussions,
we used poster sessions instead of presentations and also had only two programming projects in parallel, in order to keep the
need for transfer of knowledge and results between groups small.

Overall, while this study does not “validate” our course as an ideal way for interdisciplinary climate model education, it
does show that there are ways to integrate modeling and social sciences already in teaching. Thus, it seems that a climate
modeling course that is interdisciplinary from the start is possible, with the hope that it contributes to reflected model use and
development, and an awareness of human influences on models as well as their restricted purposes. The resources developed

for this course are openly available, inviting to their use and providing inspiration for other modeling courses.

Data availability. We have shared the material that we use for the course at Zenodo (https://doi.org/10.5281/zenodo.17791563, Proske and

Staab, 2026, where this was possible without copyright limitations).

Appendix A: Course schedule
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Table A1l. Course schedule from the third iteration (2024) detailing the modules, the methods used within and the goals worked towards,
as well as the approximate time planned for each of them. The reflective exercises are underlined. Note that the last reflective exercise was
not used in our analysis as it focused only on the previous discussion module and thus the topics mentioned were specific and relating to a

different scope than that of this study’s analysis. Horizontal lines denote the end of a course block, which took 3:20 hours in the morning or

2:20 h in the afternoon.

Duration Content Method Goal/Competences
1:30 Welcome Plenum Establish discussion culture
Icebreaker position yourself on answer Get to know each other
Introduce the schedule scales
Rules for the course
0:30 Applications of numerical Picture gallery Introduction and motivation
modelling. What are numerical Learn about subjects and goals of numerical
models used for? modeling
0:10 Introduce feedback Feedback sandwich Giving and receiving feedback
0:35 Dynamical systems can be Student presentation “Exam- Provide a first example that students are familiar
modelled ple of a dynamical system” with from school (e.g. pendulum)
0:30 Nomenclature around DEs Plenum “Find what belongs to-  Become familiar with DEs
gether”: DEs, state variables
and parameters
0:30 Getting to know each other Energizer/game’'
0:30 Introduce analytical solving Input Know process to solve simple systems analyti-
cally
1:00 Practice analytical solving Exercise sheet for each stu- Apply analytic solving; experience limits and
dent by themselves, discuss in  frustration to motivate discretisation
plenum
1:30 Discretizing ordinary DEs Input and group work loga- Discretize ordinary DEs yourself
rithmic spiral Numerical solutions are approximations and the
results from different methods differ
3:30 Introduction to Programming Input with everyone following  Understand and write simple programs yourself

on their computer
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Table A2. Continuation of Table Al.

Time Content Method Goal/Competences
0:30 Components of the Earth sys- Plenum Create diagram on the = The Earth system is complex
tem and their interactions board together Know examples for components
0:35 Climate change Student presentation
4:00 Green house effect as the phys-  Group work Students write a  Translating simple physical systems into a nu-
ical basis for climate change program computing the green merical program to study them
house effect following an exer-
cise sheet
0:40 Climate model structure Student presentation Technical structure
0:20 Climate model code Plenum Open up climate Realise that even with only a programming in-
model code we have access troduction, one can already read that code and
to and go through parts of it understand single parts, but that the whole pro-
together gram is massive and difficult to comprehend
0:40 Uncertainties in climate model-  Student presentation Reasons for uncertainties in climate modeling
ing Treatment of these uncertainties
Science can generate knowledge despite uncer-
tainties
0:20 Reflection Reflective exercise Introduc-
tion of the concept and first
execution
2:00 Climate model output Group work Students explore  Climate model output is huge in terms of data

the IPCC Interactive Atlas.
They are asked to think of a
question that they want to in-
vestigate and prepare one Fig-
ure to share their findings with

the group.

and information
Finding and answering a research question
Selecting and summarizing results

Presentation skills
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Table A3. Continuation of Table Al.

Time Content Method Goal/Competences

5:30 Programming projects: Group work on different Constructing and revising a model
Feedbacks projects: Possibilities and limits of numerical models
Chaos Predator-pray-model Evaluating models

Numerical techniques

0:30 Why do we model?

0:40 Feedbacks

Daisy world

Lorenz model

Advection model

Continuation greenhouse effect

Plenum flipchart collection

Student presentation

Programming practice

Presentation skills

Reasons and goals of modeling
Concept of adequacy for purpose (Parker, 2009)
Understanding the concept so that it can be ap-

plied to the programming projects (see above)

1:20 Documentation

Pair work Students work in
pairs on a selected topic of the
course, summarizing it but also
highlighting which overarching
concepts their topic illustrates
and how it stands in relation-

ship to climate models

Summarizing and contextualizing in written

text
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Table A4. Continuation of Table Al.

Time Content Method Goal/Competences
0:20 Recap of the first half
0:40 Parameterisations Student presentation General concept and example of aerosol cloud
interactions
Obstacles to strictly physical representations in
climate models
1:30 Philosophical problems in cli- Think, pair, share One exam- Epistemological problems that are specific to
mate modeling ple of the outcome is shown in  climate modeling
Fig. 4 Understanding, summarizing and presenting lit-
erature
0:40 Trust in climate models Student presentation Reasons and limits to trust in climate models
1:30 Co-evolution/Co-production Group work sorting cards re- Climate science as a discipline has a historical
ferring to climate model and origin and baggage
societal developments along a  The coevoution with societal ideas and move-
timeline ments influences the working of, people in and
goals for climate modeling
0:20 Reflection Reflective exercise
0:40 Culture of prediction Student presentation Prediction-focus of modern society
Critiquing widely held beliefs
0:40 Values in climate modeling Student presentation Epistemic, non-epistemic and pragmatic values
in climate modeling
1:00 Climate modeling visions Plenum Sorting cards with ac-  Climate models serve differing goals
tors, methods or quotes on them  Recognize conflicts in between positions
according to their underlying
modeling vision
0:20 Reflection Reflective exercise
1:40 Climate scientists’ position in  Fish bowl discussion Summary of modeling viewpoints
the climate change debate Emphatically understanding and finding argu-
ments for a given position
0:20 Reflection Reflective exercise (not used in
the present analysis)
1:30 Evaluation and Feedback
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Appendix B: Content codes

395 Codes that do not appear in the manuscript Figures and analysis are in italics.

Category Code Explanation Count
(#)
Climate
change
after Humans can still influence climate Now I think that humans can still influence cc 1
change
after More hope for future Now I have more hope for the future (regarding cc) than 1
before
before Is there hope for slowing down cli- Before I was wondering whether there’s any hope for 1
mate change? slowing down cc
Climate
models
after More holistic view Now I have a more holistic view of climate modeling 1
after Perfect model possible? Is a perfect model possible? 1
before Can one trust the models? Before the course I was wondering whether one can trust 1
climate models
before Experts know whole model Before I thought that the experts really know the whole 2
model
before How certain are climate models? Before I was wondering how certain climate models re- 1
ally are
before Separate parts that interact little Thought that climate models consist of separate parts that 1
interact little
before Didn’t know how they work Before I had no idea about how climate models work 1
before Physics super relevant Before I thought physics are super relevant (here in the 1
ourse or for climate science/modeling in general)
before Unimaginable and unreachable Before climate models were unimaginable, unerreichbar, 5
hatte Respekt
after Disappointed at physics” unimpor- I thought Physics would be more important (here in the 1
tance course or for climate modeling/science)
Complexity
and uncer-
tainty
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after

before

before

before

before
DEs
before

before

before

before

after
General
after

after

after
after
after

before

before
before
before
before

before

before

before

Models are complex

Small impact of (small) uncertain-
ties

Models are complex

Unaware

Underestimate complexity

Complex

Getting DE results with Python is
easy

Discretisation easy

Only solved analytically

Programming DGLs is doable

Less secure of sth.

Name makes concept more con-
crete

Question what I used to belief
Some things are simple

Gained understanding

Geography and programming un-

handy combination

Knew concept

Less detailed knowledge
Thought about and reflected less
Naive instead of scientific view

This is easy

This is hard

Used this without knowing

Thinking now that models are complex

Before I thought that a (small) uncertainty has a small
impact on the results

Before I thought climate models are complex

Before I was unaware of the uncertainty in climate mod-
els/science

I underestimated the model complexity before

Before I thought DGLs are super complex

Before I thought it would be easy to get the result of a
DGL if one uses programming like Python

I thought the discretisation would be easier than it was
Before I've only solved DGLs analytically (not numeri-
cally)

Programming DGLs is doable

Something that seemed clear previously is now less so
Putting a name to this concept helped me to make them
more concrete

Now I’m questioning what I used to think was true

I view some things as simple

I've gained understanding

I thought the combination of programming and geogra-
phy would be unhandy (I think what they mean here is
before)

I knew the concept/idea behind this already

Before I had less detailed or wide knowledge

Before I had reflected and thought about this less

Before I had a naive instead of a scientific view

Before I thought this was easy or Before I was sure there
was an easy/straight-forward relationship between these
two concepts

Before I thought this was hard

Before I used this without knowing what it was, was
called, ...
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before Didn’t know this before I didn’t know this before 20
before Hadn’t thought about before I hadn’t thought about it before (i.e. the concept is new to 9
me)
Human
influence
after Important to consider modeling In modeling, it is important to consider the purpose of 1
purpose your model
after Human influence on science Scientists influence science as humans, for example with 4
their values
after Role of values in science Now I see that there is a role of values in science 6
before Knew humans could be manipu- I knew that humans can be manipulated in general 1
lated
before Think only of predictive I had only thought of the predictive goal before 1
Table B1: A priori and a posteriori
Category Code Explanation Count
(#)
Where does climate science de- Seeing its history, where does climate science develop to 1
velop in the future? in the future?
Scientists have diverse goals Scientists have multiple or diverse goals
Exchange Exchange (of ideas?) as part of science
Specialisation Thoughts/mentions about the specialisation in science 4
E.g. on participant before thought that every scientists has
a lot of knowledge in one field, whereas now they realised
that scientists are specializied in sub-fields
Sciene looks for profit Science looks for profit 1
In science, results should count In science, results should count 2
Combine science with social sci- To understand climate science, science and social science 2
ence come together
Science is not objective Science is not objective, contrary to how it is often por- 5
trayed
Science in practice or as a job Insights about the scientific practice or science/ climate 5

modeling as a job
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Table B2: HowScienceWorks

Category Code Explanation Count
(#)
Culture of
prediction
Power of predictions Power behind making predictions 1
We are in CoP Mention of we in relation to the CoP — I find that inter- 2
esting because it implies that this is seen as something
which really applies to the society the TN live in and thus
to them
Desire to predict is human Desire to predict is human 2
We cannot see climate models’ in- We can’t see the influences of climate models 1
fluences
CoP is a hypothesis CoP is a hypothesis 1
CoP is part of everyday life CoP is part of every day life ("Alltag") 3
Representation of future influences How the future is represented influences society 1
society
Does CoP matter? Does the culture of prediction matter? 1
We try to use predictions to adapt We try to use predictions to adapt our actions 1
actions
Human Influ-
ence
Values and human influence on Value and human influence on model building 4
model building
Values enter science Values enter and influence science 5
Values in science can be positive Values entering science can be positive 2
Scenarios and
manipulation
Results are adjusted Problem: results are adjusted 3
Data can be portrayed differently Data can be portrayed differently to give different mes- 2
for a different message sages
Scenarios can be used to manipulate  Scenarios can be used to manipulate people 9
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Society
policy

Visions

and

Silence about deviating results
Small choices may have large influ-

€nces

Models need good communication
for decision support

Do better models influence action?

Future is uncertain

How would life be without climate
models?

Communication missing from sci-
ence to society

Models influence decisions
Understand where science commu-
nicated in public comes from

Society and science coevolve

Trust in climate models

Relation between computing power

and certainty?

Different views lead to more di-
verse science

How can we improve models?
There are multiple modeling vi-
sions

Conflicts around modeling visions

Scientists are silent about their results deviating
Small choices, for example in the choice of a scenario,

can have a large influence on results

For models to be supporting decisions well, good com-
munication is needed

Do better models influence decisions or are today’s re-
sults enough?

The future is (still) uncertain, i.e. cc is not prescribed

Question: how would life be without climate models?

There’s communication missing from science to soci-
ety/policy

Models influence decisions

Now I understand where the science that is communi-
cated in public/to society is coming from

Society and science influence each other and evolve to-
gether

Trust in climate models

Discuss belief that with more computing power and com-
plexity of the models we’ll get more certainty in the sim-
ulation results

Different views lead to more diverse science

Asking how one can improve models

There are multiple visions or goals for modeling

Conflicts around differing visions

Table B3: Interaction with society and critical reflection
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Category Code Explanation Count
(#)

Climate

model devel-

opments
Think we build own climate model  Idea that we can build our own climate model (this is an 1

unfulfilled expectation for the course)
Structure Structure of climate models 4
Differential equations Thoughts about DGLs in climate models
What are differences between mod-  What are the largest differences between climate models? 1
els?
Future development How climate models will or should evolve in the future 1
Geneaology Climate models are connected through shared origins 2
Trained with historical data Models are trained with historical data 1
How good can a climate model be?  How good can a climate model be? 4
Development is irregular Climate models are published irregularly 2
Climate models have a large poten- Climate models have a large potential 1
tial
Model weighting Concept of Model Weighting 1
Parameterisation Parameterisation of sub-grid scale processes 4
Computing power Computing power requirements of climate models 4
Human work Human work needed for developing climate models 4
Surprised: old language and old Surprised that climate models are written in an old pro- 2
code gramming language and contain such old code
How useful are climate models? Are climate models useful or not? 2
What is logical and easy? How much of climate modeling is logical/easy/accessible 1
for us?

Why go for more precise models? (Why) go for more precise climate models? 1

Climate

model ideas

and percep-

tions
Climate model questions Collection of questions around climate models 3
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Climate

system
Aerosol Mention of aerosol 1
Albedo Mention of Albedo 3
ClimateVsWeather Climate vs weather 2
Interrelated The climate system is interrelated in many ways 2
Complexity
and  model
problems
Complexity makes the model error Complexity makes the model prone to errors 1
prone
Errors come from various sources Errors in models come from various different sources 2
Models also have advantages Models offer advantages despite their problems 1
Structural model problems, e.g. Problems of climate models 3
paramterisations
Much model code and many param- Mention/questions regarding the size of climate models 7
eters and the large number of parameters
Feedbacks
PositiveFeedbackLoopScary Positive feedback loops are scary 1
Uncertainty
Large extend of uncertainty Mention that uncertainty has a large extend (that e.g. is 1
new to students and thus mentioned in Q1)
How certain can a model be? How certain can climate models be? 3
Initial conditions become less im- Uncertainty in initial conditions becomes less important 1
portant with simulation time with simulation time
Many different uncertainties There are many different uncertainties
Uncertainties influence results Uncertainties influences the results 2
Measurement uncertainty There are uncertainties in measurements 2

Table B4: Modeling the climate system

Author contributions. UP conceptualized the research and conducted the formal analysis. MS developed the figures. UP and MS both con-
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