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A B S T R A C T

Models are critical tools for environmental science. They allow us to examine the limits of what we think we 
know and to project that knowledge into situations for which we have little or no data. They are by definition 
simplifications of reality. There are therefore inevitably times when it is necessary to consider adding a new 
process to a model that was previously omitted. Doing so may have consequences. It can increase model 
complexity, affect the time a model takes to run, impact the match between the model output and observations, 
and complicate comparison to previous studies using the model. How a decision is made on whether to add a 
process is no more objective than how a scientist might design a laboratory experiment. To illustrate this, we 
report on an event where a broad and diverse group of marine biogeochemists were invited to construct flow-
charts to support making the decision of when to include a new process in a model. The flowcharts are used to 
illustrate both the complexity of factors that modellers must consider prior to making a decision on model 
development and the diversity of perspectives on how that decision should be reached. The purpose of this paper 
is not to provide a definitive protocol for making that decision. Instead, we argue that it is important to 
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acknowledge that there is no objectively “best” approach and instead we discuss the flowcharts created as a 
means of encouraging modellers to think through why and how they are doing something. This may also 
hopefully guide observational scientists to understand why it may not always be appropriate to include a process 
they are studying in a model.

1. Introduction

Computer models are routinely used to simulate aspects of the nat-
ural world, from the sub-cellular (e.g. de Jong et al., 2017) to the 
planetary scale (e.g. Hattab et al. 2014; Fennel et al., 2022). They span a 
huge range in complexity and scope but also in application; from theo-
retical understanding to operational forecasting. They provide a means 
of capturing our current understanding of an environmental system in a 
mathematical description that allows us to illuminate fundamental dy-
namics, to frame and test hypotheses, to guide data collection and to 
extrapolate to other times and situations (Epstein, JASSS 2008).

Like the natural world they seek to reflect, models are highly diverse. 
The potential breadth of this diversity is illustrated by Janssen et al. 
(2015) who analysed the diversity of aquatic ecosystem models, further 
identifying characteristics by which they can be categorised such as the 
modelling approach, the topic represented, and implementation details. 
Jakeman et al. (2024) provide a broader perspective, analysing models 
for a diversity of domains. Here we focus on just two fundamental 
characteristics that can be used to group models. The first is scale. Each 
model is designed to represent a limited range of space and time scales 
that reflect their purpose; from a test tube to the global ocean, from cell 
division times to glacial cycles. The second is complexity, the level of 
detail at which a model represents nature, reflected by the number of 
simulated processes. Although both characteristics require a decision by 
the modeller that introduces subjectivity, for the second this decision is, 
perhaps unsurprisingly, itself more complex. Whether the intention is to 
model the uptake of nutrients by individual microscopic cells (e.g. 
Bonachela et al., 2011, Orth et al. 2010) or material flow through the full 
Earth system with interacting oceans, atmosphere, land and ice (e.g. 
Sarmiento and Toggweiler, 1984; Ziehn, T., et al. 2017), any model will 
only reproduce a subset of the true processes involved. The complexity 
of a model is intrinsically linked to the three fundamental controls on 
model performance: the external data which are required (e.g. for initial 
conditions or forcing); the structure of the model (i.e. which processes 
are represented and how, including spatial resolution); and the extent to 
which parameters for the model can be constrained (Claussen et al., 
2002).

Ocean biogeochemistry is one example of a field where many 
modelling approaches have been used (Janssen et al. 2015; Fennel et al., 
2022), from simple single-use models to ones that are continuously 
developed over long periods. The Earth system models that contribute 
climate projections to Assessment Reports (ARs) of the Intergovern-
mental Panel on Climate Change (IPCC 2023) are a good example of the 
latter. These require significant person-years of time, funding and 
computing resources to build, maintain, and run. While they are known 
to omit processes of interest (Bopp et al., 2022; Rohr et al., 2023) and to 
have biases in their performance (Tagliabue et al., 2021), such models 
represent an established base upon which further - and traceable - 
development can occur, and which would be very costly and 
time-consuming to construct from scratch.

Many models evolve with time, generally becoming more complex. 
First, they may be modified to re-assess the question they were originally 
built for by adding a new process (e.g. enhancing an existing fisheries 
stock model, Punt et al. 2020). For the purpose of this article, we regard 
adding a new variable to a model as equivalent to adding a new process 
since it will be necessary to add functions linking it to the existing 
model. Second, there may be situations where the model provides a 
useful starting point to address questions related to but differing from 
the original one. For example, an ocean biogeochemical model may have 

originally been designed to investigate global carbon cycling 
(Schmittner et al., 2008) but subsequently modified to allow study of the 
dynamics of low oxygen zones in the ocean (Niemeyer et al., 2017).

There are therefore three key development stages at which decisions 
are made affecting the complexity of a model: (1) when the model is 
originally designed and built; (2) when revising a model that is still 
being used for the original question; (3) when the model is being 
adapted to address a new question. In all cases, such a decision often 
concerns whether to include a specific process. For the purposes of this 
manuscript, “include” also refers to situations where an existing repre-
sentation of a process is changed. It is often the case that we have a 
limited understanding of many biogeochemical processes, which means 
that we rely on ad hoc parameterisations until further data or theoretical 
insight allows them to be improved.

There are several potential drivers for the inclusion of a new process. 
For example, more information may have become available. This could 
be new data that provide greater spatial or seasonal coverage or offer the 
opportunity to refine the representation of some processes by providing 
a more stringent test of how the model reproduces reality. More 
fundamentally, it might be that our theoretical understanding of key 
processes at the heart of a model has changed and aspects of the original 
model are now known to be inaccurate or insufficient. Increases in 
computing power or advancement in software development may also 
enable inclusion of a process that was previously impractical. A good 
example is the gradual increase in computing power allowing an in-
crease in spatial resolution of ocean physics (Chassignet and Xu, 2021) 
or the number and complexity of processes represented in biogeo-
chemical models (Wu et al. 2022).

These drivers toward greater complexity need to be balanced against 
a variety of potential constraints. First, mechanistic and observational 
uncertainty regarding the environmental system (arising from initial 
conditions, forcing, parameter values, and the inevitably simplified 
representation of the natural system) often inhibits our ability to create 
robust model estimates if poorly known processes are incorporated. Put 
another way, would we require significant new data and understanding 
to support the inclusion of a new process? Second, model development 
can be expensive both with respect to labour and computational re-
sources. Third, in the case of state-of-the-art Earth system models, the 
decision for model improvements will also need to be consistent with the 
longer-term, broader strategy of the team developing the model and 
international modelling frameworks (Seferian et al., 2020).

In practice, making this decision is not straightforward, or objective. 
There have been attempts to codify an optimal approach to how this 
decision should be made (e.g. Kyker-Snowman et al., 2021; Moore, 
2022) but all such approaches are inevitably subjective to some degree. 
This subjectivity is not just the consequence of the experience and biases 
of the modeller. For example, the decision is influenced by the broader 
philosophical approach of the particular model user/developer. This is 
most clearly illustrated by the debate around parsimony. How can one 
compare the relative benefits of a simple model, where cause and effect 
can be clearly inferred, with a more complex one which represents more 
of the structure and diversity of the natural system but within which 
causality can be hard to understand? A good example of contrasting 
approaches on this topic is provided by a previous discussion on the level 
of detail with which phytoplankton communities should be represented 
in ocean biogeochemical models (Anderson, 2005; Le Quéré, 2006; 
Flynn, 2006; Friedrichs et al., 2007). There is also subjectivity in 
assessing the value of including a new process. Although one may try to 
quantify objectively whether or not adding a process improves model 
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performance against a selection of observationally-based metrics, there 
is often a subjective choice in those metrics and different performance 
metrics may give a different answer (Kriest et al., 2010, 2020). From a 
related context of population modelling, a similar discussion can be 
found in Levins (1966) – who emphasised the tradeoffs between model 
generality, realism and accuracy –and subsequent papers (e.g. Orzack 
and Sober, 1993).

The focus of this manuscript is on encouraging researchers to think 
more deeply about how they are individually deciding whether to 
include a new process. It does not set out to tell people how to do this. 
We report on an event (see Method) in which researchers were invited to 
build a flowchart to answer the question: “How to decide when to 
include a new process in a model?”. Input was sought from a range of 
researchers; not just model developers and users, but also people who 
analyse and use model output. They were not required to have a 
particular level of modelling experience, or indeed any. They were asked 
to carry out this task of building a flowchart jointly while discussing and 
defending their additions with other researchers. The intent was both to 
capture varying perspectives and to encourage discussion of priorities. 
In short, the event was aimed at fostering debate, self-analysis and 
reflection on this important topic.

It should be noted that, although this paper focuses on the situation 
where an existing model is modified, the same factors and trade-offs are 
involved when building a model anew. While a distinction with the 
latter is that the same considerations apply simultaneously to all pro-
cesses that may or may not form part of the model, this multiplies the 
task but doesn’t change the nature of the underlying decisions. Hence 
what follows can equally be applied to the task of building a new model 
too. It should not be thought that the issues discussed here only apply to 
large complex models. Historically even some of our simplest models 
have attracted debate (Hall 1988a, 1988b).

Although we do provide a single flowchart which has been syn-
thesised from the input to the event, it is not presented as an objective 
and authoritative tool. The use of this flowchart by two different re-
searchers may still result in two different decisions due to the different 
perspectives they will have; for example on how much new data is 
“enough”. It is instead offered as an illustration and starting point for a 
modeller to use their own judgement on how to tackle this issue.

Even if the sole consequence of reading this manuscript is that a 
reader subsequently thinks more deeply about their approach to making 
this decision and why it is the appropriate one, then this paper has 
achieved what it set out to. Although this paper represents the thoughts 
of researchers involved in modelling ocean biogeochemistry, the issues 
it addresses are fundamental to all models.

2. Methods

“How to decide when to include a new process in a model” was an 
event run by the UN Ocean Decade Programme JETZON (Joint Explo-
ration of the Twilight Zone Ocean Network – https://jetzon.org). This 
took place from 16 to 17 September 2021, as a virtual “satellite event” 
contribution to A Predicted Ocean Laboratory which was run by the 
Federal Ministry of Education and Research, Germany as a contribution 
to the UN Ocean Decade for Sustainable Development.

A Google document was set up to allow contributors to draft a 
flowchart reflecting their perspective on how the decision of whether to 
include a new process in a model should be reached. This document was 
originally blank to avoid influencing the outcome and a new blank sheet 
was available for every 6 h period across the 24 h for which the event 
ran, to make sure no contributor felt constrained in what they could add. 
Contributors were free to add additional sheets too – which they did. No 
contributor provided input for more than one sheet. Contributors could 
also discuss aspects with each other either within the Google document 
or in a Wonder.me room set up for the purpose. A spreadsheet was also 
set up to allow contributors to list key questions in the decision process 
and to vote on whether they thought those listed were important. In 

practice both the Wonder.me room and spreadsheet remained unused. A 
free text document was found to be more successful in gathering 
opinions.

This event was advertised widely through the UN Ocean Decade, the 
Predicted Ocean Laboratory team and the network of informal contacts 
of researchers across a variety of social media platforms. It was entirely 
open, allowing input from anyone globally with an interest and access to 
these platforms. To achieve this, contributions were received via Google 
documents which had global write access for the duration of the event. 
This allowed contributions to be anonymous if preferred to remove any 
bias that might arise from perceptions of how a comment may be 
received. The fully open approach additionally meant that time-zone 
was no barrier to contributing, as the event ran, and documents were 
open, for 24 h. Additionally, 7 people with considerable modelling 
experience were online at regular intervals of 2–6 h during the day, to 
stimulate the discussion if necessary. They were also free to contribute 
themselves.

Over the course of 24 h, multiple people contributed to the activity. It 
is not possible to say how many because input was allowed to be 
anonymous if required. Those who identified themselves ranged from 
PhD students to senior scientists, with experience in modelling ranging 
from four years to 24 years and from at least 8 different countries 
including Australia, France, Germany, India, New Zealand, Spain, UK 
and USA. The contributors also represented a wide span in the types of 
models used from individual cell models to global coupled climate 
models. At least one person had no modelling experience. At least 11 had 
experience of observational approaches to science. The following sec-
tion summarises the results. The full original responses can be found in 
the Appendix.

3. Results

Five flowcharts were produced during the event. They are repro-
duced as originally created during the event in the Appendix. Across the 
5 flowcharts, there was considerable variability in responses and the 
contributions during the event captured a wide range of issues influ-
encing decisions and choreographed them in different ways, with some 
issues present in some flowcharts but not others and varying in their 
position in the decision sequence within the flowcharts they do appear 
in.

Specific questions highlighted by contributors as part of their flow-
charts are summarised in Table 1. Note that they are simply reported as 
contributed but wording may have changed slightly from the original if 
the same question was raised multiple times and a description capturing 
all instances was required. In total, 23 unique questions were posed in 
creating the 5 flowcharts. Table 1 also allocates the questions to one of 
four categories. Although it could be argued that several questions may 
be relevant to multiple categories this was done as a crude examination 
of whether a question was related to: (i) Understanding - the need for 
theoretical knowledge of the process; (ii) Data - the need for observa-
tional, including laboratory-sourced, information on the process or its 
impact; (iii) Implementation - the technical challenge of incorporating a 
representation of the process in a model; (iv) Performance - the key test 
of how the model performs with the process included. The distribution 
across these four categories is also represented as the relative frequency 
of occurrence in Fig. 1. The Understanding and Implementation cate-
gories were equally most frequent, corresponding to 35 % of questions 
each. Performance was represented a little less frequently at 22 % of 
issues and only 8 % of issues related to Data. It should be noted that the 
number of issues in each category does not in any way correlate to the 
relative importance of the categories when adding a process to a model.

The structure of the five flowcharts (see Appendix) varies both in the 
number of questions they include as part of a decision but also in their 
degree of connectivity and in particular how they lead the user of the 
flowchart to a decision. Table 2 shows summary information that cap-
tures some of this variability. First, it shows the number of questions 
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included in each flowchart. Although it is a little difficult to see at first 
glance (as some flowcharts have comments and advice as well as ques-
tions) the number of questions included varies between 4 and 16, but the 
flowchart with 16 is the outlier with the others having 4 (in three cases) 

and 6. The number of possible routes through the flowchart and the 
number of those that lead to a ‘yes, include the process’ is also shown, 
together with the fraction that lead to ‘yes’. (The numbers of ways and 
fraction leading to ‘no’ can simply be calculated by subtracting the ‘yes’ 
value from total number of routes or 1, respectively.) There is consid-
erable variability. Notably, the flowchart with 16 questions has a greater 
fraction of routes leading to ‘yes’ than two of the three flowcharts with 
just 4 questions. It is also the case that taking just one flowchart and 
restructuring it to put the same questions in a different order could lead 
to a different number of ways to ‘yes’. It should not therefore be thought 
that increasing the number of questions automatically decreases the 
likelihood of getting a ‘yes’. This is important to be aware of as it may 
subconsciously influence the construction of a flowchart if the reverse 
was true.

Finally, Fig. 2 shows an attempt at combining the 5 flowcharts (and 
the thinking behind each flowchart) in the same format to give a clearer 
overview of the issues that were raised and how they interlink. This 
flowchart was created with the assumption that someone is trying to 
make a decision at a specific point in time. Hence, although it indicates 
some of the approaches that could be taken if a ‘no’ is reached, it does 
not attempt to represent the typical iterative nature of model develop-
ment. This is deliberate as the latter then raises the additional question 
of how long one should keep testing/trying - which probably warrants a 
paper in itself. This editorial approach is why the merged flowchart has 
fewer questions and routes (Table 2) than some of the contributed 
flowcharts. It is also assumed that no one is embarking on modifying 
their model until they have funding/time to allow them to do so.

4. Discussion

Although the flowchart-generation event involved only people from 
a marine biogeochemistry background, the discussion and issues should 
be familiar to any modeller. The intrinsic tightly-connected complexity 
of the Earth system and its components means that there will rarely be a 
situation where the decision on whether to include a model is inde-
pendent of other factors.

The focus here has been on when to include a new process in an 
existing model. A ‘process’ in this context could take many forms: it 
could be modifying an existing functional form already present in a 
model; it could be adding a new compartment, variable or sub-model; it 
could be adding a new link between existing model variables. However, 
a similar approach could be more widely applicable to other situations 
including: what to include when building a new model, how to merge 
two models (Nisbet et al., 2012) and what to remove if it is necessary to 
simplify an existing one (Ward et al., 2013; Galbraith et al., 2015).

The combined flowchart presented in Fig. 2 is intended to help 
modellers engage in structured reflection, rather than providing a 
definitive guide to the decision process. There is no perfect protocol for 
objectively deciding whether to include a process in a model. We would 

Table 1 
Questions affecting a decision to add a process to a model contributed during the 
event.

Category Question

Understanding Is there evidence that there is a flux or behaviour missing from the 
model that is essential to address your question?

Understanding Is there evidence that the new process is quantitatively significant 
compared to current model processes that are known to be 
important?

Understanding Are functional relationships with existing model constituents 
known / hypothesised?

Understanding Is there an analogue or proxy from a different environment?
Understanding Is it possible to conduct an idealised sensitivity study first, and see 

how big the effect is?
Understanding Is there reason to think the process has a non-negligible effect on 

the system?
Understanding Is there reason to think the process is relevant to your research 

question?
Understanding Is there a strong theoretical understanding of the new process?
Data Are data sufficiently (in space and time depending on the model 

resolutions) available to develop a parameterisation of the new 
process ?

Data Do you have or can you get data to validate the process once you 
put it in?

Implementation Is it relatively easy to add from a coding perspective?
Implementation Are you prepared and able to re-tune the model after adding in the 

new process?
Implementation Do other compensating or related processes need to be added/ 

adjusted?
Implementation Can you reduce the scope / domain of your study?
Implementation Does it simplify the representation of other processes (e.g. fewer 

and better constrained parameters)?
Implementation Can you develop the parameterisation of the new process in a 

reasonable amount of time?
Implementation Could the intended impact of the new process be captured equally 

well by existing model equations, within their parameter 
uncertainty?

Implementation Is your model complexity level suitable for addition of the new 
process? (e.g. is it too simple, track the wrong element?)

Performance Does the new process make a significant change in model 
behaviour?

Performance Does the new process improve or degrade model skill /behaviour?
Performance Is the current model right for the wrong reasons?
Performance Does the new process substantially change model results for 

potential future applications?
Performance Does the new process increase computing resources needed (time 

or processors)?

Fig. 1. breakdown of questions identified during the event into four categories.

Table 2 
flowchart structure and connectivity.

Flowchart 
Time period

Number of 
questions

Number of 
routes

Number of 
ways to ‘yes’

Fraction 
leading to 
‘yes’

0001–0600 
CEST

4 10 1 0.10

0601–0900 
CEST

6 15 6 0.40

0901–1200 
CEST

4 5 4 0.80

1201–1800 
CEST

16 58 20 0.34

1801–2400 
CEST

4 7 2 0.29

Merged (
Fig. 2)

12 13 2 0.15
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suggest that it may be better to create a flowchart oneself, rather than 
rely on a generic one, as the process of analysis and reflection is valuable 
in making the ultimate decision and any flowchart is bound to be 
missing elements. For example, only one of the contributed flowcharts 
explicitly asked whether the new process was central to the science 
question(s) the modeller sought to answer. It is unlikely that the omis-
sion was because it was thought to be unimportant; rather that it was 
implicitly assumed. To identify and address any potential biases we 
might have we need to be explicit about everything we are assuming. 

Regardless of one’s best intentions and adherence to the scientific 
method, every scientist will bring their own perspectives and biases to 
any such decision, whether consciously or subconsciously. Even if we 
did, unwisely, tout our merged flowchart as the definitive one to use, 
different users would interpret it in different ways, making different 
judgements on important aspects (e.g. what is the metric and related 
threshold for “improved model performance”? how is an empirical or a 
theoretical basis assessed as “good”? How many datapoints are enough?) 
and reaching different decisions for the same process and model. A 

Fig. 2. Illustrative flowchart based on a merger of the 5 flowcharts created during the event.
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different choice of base model may also lead to different outcomes.
Although it did not appear in any of the flowcharts, an additional 

important question is whether the model to which you wish to add a new 
process is best suited to the task. There may be a tendency to address 
new science questions by adapting existing models, but in some cases it 
may be better to start afresh with a new model.

A modeller needs to be clear on what type of model is suited to their 
task: ecological or biogeochemical approach? relatively coarse spatial 
resolution global model or regional high-resolution model? whether the 
model should be spatial at all? Not all models will be well-suited to 
incorporating a particular process, even if that new process meets all the 
other criteria. The programming language and the modelling framework 
in which a model is written may be additional factors in this as they can 
have a practical bearing on the ease with which a new process can be 
incorporated, balancing factors such as level of detail, speed of running, 
and simplicity of diagnosis. Simple models will be well-suited for some 
situations and more complex ones for others. Also, despite positive 
moves in this direction, it is still true that not all models are easily 
accessible and usable by others (Preisig et al., 2006; Patel et al. 2020); 
many suffer from lack of high-performance portability or insufficient 
software sustainability (Crouch et al. 2013; Siewertsen et al. 2013). At 
the more ‘heavy-duty’ end of the model scale, it is not usually feasible to 
add significant extra complexity to a coupled climate model unless there 
is strong evidence that a new process is very important to climate 
feedback. Furthermore, with higher spatial resolution models, the 
strength of the argument has to increase if supercomputing time is 
limited. It is also possible that when a new process is included because it 
is central to a particular research question this might slightly degrade 
the model performance regarding other parameters/processes. The 
extent to which this influences a decision might vary according to the 
longer-term and/or wider use of the model. Additionally, not all aspects 
of model choice are science based. It might partly be a matter of strategy 
(e.g. if a lot of resources and time have already gone into developing a 
global model). It might also be affected by resources e.g. access to a 
supercomputer, or by the experience of the modeller. It might even be 
irrational, as highlighted by the “sunk cost effect” (Olivola, 2018).

It should also be noted that Fig. 2 was based on a single event with a 
relatively limited pool of contributors and it is possible that some 
questions that other people might view as essential have not been 
identified and included. This should not be surprising. The flowchart 
event was not carried out in a way calculated to be exhaustive. Even 
with 5 groups working on separate flowcharts there are still likely to be 
questions that were not raised but which might have been with different 
participants. In particular, in situations with more specific objectives 
there may be additional questions and/or constraints. One example of 
this is the move towards ‘seamless forecasting’ in operational settings (e. 
g. Dirmeyer and Ford, 2020) where the model under consideration for a 
new process may need to be combined with other ones covering 
different scales to provide a unified forecasting system, so broader 
compatability may be necessary. Another example is in a policy setting, 
such as Environmental Impact Assessments, where arguments have been 
made for standardised suites of models (e.g. Forbes, 2024). There are 
also subtler facets of a question that may be sufficiently important to be 
separate questions in some cases. Take the case of model performance. 
Given the ongoing debate about the relationship between stability and 
complexity (Denman 2003; Hannah et al., 2010; Allesina and Tang, 
2012) it may be felt that a question on the stability consequences of 
adding a process is needed. Similarly, it may be felt that a question about 
whether the original model may be over-fitted, so biasing the behaviour 
when a new process is added, might be useful.

It is also worth clarifying that the combined flowchart in Fig. 2 is 
very specific in the sense that it represents a set of issues to consider in a 
situation where all the information is available to make a final decision. 
As several of the flowcharts created during the event highlight, making a 
decision on whether to include a process is often likely to involve iter-
ation, with feedback, reflection and further tests or data being sought 

after a ‘no’, rather than abandoning the idea of including the process. A 
valuable attribute of a flowchart may be the light it sheds on the user’s 
understanding of the process and the model in the course of making the 
decision. Several flowcharts took a broader view of how a decision 
should be made, incorporating feedback loops from the observational 
community as central to the model development process. These poten-
tially lead to the modeller revisiting their thought process and making 
adjustments, which is crucial to the scientific process but also time- 
consuming. It is also far from trivial. Modellers often struggle to 
gather data they feel is necessary for building, testing and running their 
models. This is for numerous reasons. First, observationalists may be less 
experienced in identifying which data are most lacking and/or valuable 
for models. Second, while they may be interested in the perspective 
offered by models, observationalists may have different priorities for the 
type of data they collect. Third, and more fundamentally, there may be 
significant issues in reconciling what can be observed and what is 
required for models (Strzepek et al. 2022). More informed discussions 
between both communities to co-design dedicated experiments/field-
work and models would be a very valuable outcome of using a flowchart, 
particularly in research areas with large discrepancies between models 
and observations (Rohr et al., 2023).

This iterative approach is itself susceptible to external influences 
which will vary with the situation. In particular, the time needed to 
include a new process in a model is not all one needs to consider; even 
once coded, verified and run, there is a good chance that the new model 
version will need to be tuned again to account for the impact of the 
change on the existing model components. Constraints on project 
funding and/or time may also mean that seeking additional data is 
impossible. In that case, including processes that are highly uncertain 
could still be worthwhile if one of the goals of the model is to identify 
parameters that the model output is most sensitive to. This could be 
useful for prioritising future observational work and building off the 
model in the future.

Every one of the flowcharts created had ‘no’ as a possible outcome. 
Allocating effort wisely sometimes requires choosing not to do things, 
even if they are interesting and important in some contexts. The fraction 
of situations that would lead to such an outcome varied between the 
flowcharts (Table 2) but there are always situations where the user can 
be led to not including a process even though the process is known to 
occur. This does not mean that observationalists should be encouraged 
to stop studying the process or collecting related measurements. Pro-
cesses (and observations of them) will have more than one context so 
even if a process might not significantly impact one aspect of the envi-
ronment it might be important for another. For example, spatial vari-
ability in organic carbon fluxes may not have a particularly large impact 
on carbon storage, but this variability should still be measured because it 
is important for global patterns of productivity, e.g. as a food source for 
mesopelagic (Shea et al., 2023) and benthic organisms (Yool et al., 
2017) and for dissolved tracers like oxygen (Davila et al., 2023).

Even in situations where a flowchart leads to a conclusion of ‘no’, it 
does not necessarily mean that nothing can be gained by incorporating 
the new process anyway. In some cases, adding a new process/feature to 
a model might be worthwhile in order to quantitatively demonstrate 
that it has no impact. In these cases, the model provides the mechanistic 
explanation for why (usually in a more global context) there is no 
impact, which is still a valid scientific finding (e.g. Gurgacz et al., 2023). 
Obviously it is not grounds for retaining the process in the model 
though.

The flowchart event successfully crowd-sourced opinions from a 
wide range of professional experience, research disciplines, and 
geographic locations. Although there was no prerequisite for partici-
pation, all groups were able to converge on situations where a modeller 
should and should not add a new process to a model. Additionally, the 
groups had a fair amount of convergence in ideas, suggesting there is 
some consensus among the population of opinions provided. Gathering 
ideas from a diverse collection of people allows for the inclusion of 
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different backgrounds and experiences in the overall study results, 
which reduces survey bias. The most open approach is ‘citizen science’ 
where anyone can contribute (Kosmala et al., 2016). Using an open call 
for input from a wide range of researchers has successfully been used 
elsewhere to provide expert assessment (e.g. Henson et al., 2024). With 
the appropriate amount of organisation from project leaders, this survey 
structure could be used by societies and consortia to quickly (in ~24 h) 
obtain opinions from a global audience. During the flowchart event, 
documents were open for 24 h (so as not to be biased towards specific 
timezones) and allowed anonymous input. Nevertheless it is inevitable 
that biases remain. The people who took part are self-selected and may 
already be those who think about these issues. Restrictions on the use of 
the Google platform in some countries will also have had an effect. Even 
though a fresh document was available every few hours the presence of 
other contributions may influence what people suggested or did not 
suggest. For the reasons given above though this does not significantly 
influence the message of this manuscript. The approach was successful 
in gathering different perspectives and highlighting that there is no 
single way of tackling the question of when to include a new process in a 
biogeochemical model.

5. Conclusion

There is no objective way to decide when to include a new process in 
a model. However, by identifying the issues that need to be addressed to 
do so, the underlying assumptions and limitations become more 
apparent and the criteria for a decision are exposed to greater scrutiny. 
Rather than present a definitive approach, we instead highlight different 
perspectives and examine the influences that may give rise to them. We 
provide a combined flowchart for helping to guide a decision, though we 
do not recommend its uncritical use. Instead we encourage modellers to 
develop their own flowcharts - borrowing from the examples shown here 
if useful - as a means of gaining a deeper understanding of what they 
seek to achieve by adding a process, and to encourage any such decision 
to be iterative and draw in a broad range of expertise. In this way, we 
hope that modelling efforts can be more productively allocated to in-
crease complexity where it is most useful, while avoiding the accumu-
lation of model complexity that is not aligned with scientific questions, 
theoretical understanding, observational constraints, or computational 
capacity.
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Appendix. : Flowcharts produced by each workgroup

See Figs. A1-A5.

Fig. A1. Flowchart summarising the discussions during 00:01–06:00 CEST workgroup.

Fig. A2. As Fig. A1 but for 06:01–09:00 CEST workgroup.
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Fig. A3. As Fig. A1 but for 09:01–12:00 CEST workgroup.

Fig. A4. As Fig. A1 but for 12:01–18:00 CEST workgroup.
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Fig. A5. As Fig. A1 but for 18:01–24:00 CEST workgroup.
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