


Propositions

1 | Transparent and retraceable modelling practice requires consis-
tent inconsistency.
(this thesis)

2 | Reflexivity and critical thinking have to be integrated in the hy-
drological modelling curriculum.
(this thesis)

3 | To write right propositions is to be wrong.

4 | The positivist scientific language inhibits discussion about sub-
jectivity.

5 | Doing a PhD resembles the story of Pandora’s box.

6 | To ‘Act normal’ is to act without creativity.

7 | Humans as creatures of habit prevent conscious change.

Propositions belonging to the thesis, entitled

Modellers as influencers? Analysing practices and standards in hy-
drodynamic decision-support modelling
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Summary

Knowledge and data are cornerstones of many current-day societies in the world.
Computer models, as a way to create knowledge, are used throughout science

and practice, for many applications and within many disciplines. Throughout the
modelling process, uncertainty is introduced, which might lead to differences in res-
ults. A factor introducing differences in the model results is the variation in modelling
practices, as choosing a method introduces differences in results. To be able to put the
results in perspective, it is important to understand how decisions within the model-
ling process are made. As a modeller makes these modelling decisions based on their
own context, inter-modeller variability occurs. Standardisation is one potential way to
counter the inter-modeller variability. In water management, several standards have
been explored. Chapter 1 delineates the context and research problem of this thesis.

In the first three research chapters, modelling practices and standards are analysed, in-
formed by interviews with modellers. In Chapter 2, I discuss how modellers motivate
their modelling decisions. These results are based on fourteen interviews conducted
with Dutch hydrodynamic decision-support modellers, either working at local wa-
ter authorities or at consulting companies. Chapter 3 relates how modellers perceive
automation as a standardisation approach. Automation as a standardisation approach
means replacing manual modelling decisions with a computer programming script
that executes those decisions without human intervention. Centralised automation
has the potential to ensure consistency in modelling decisions. Chapter 4 contains an
analysis of how modellers perceive two different standardisation approaches. I ad-
dress two case studies: a top-down standardisation approach currently implemented
in Australia and a bottom-up standardisation approach that exists in the Netherlands.
Top-down and bottom-up refer to how the standardisation approach is initiated. With
a top-down initiation, the approach starts at, for instance, a governmental level, while
with a bottom-up initiation at the modeller’s level.

First, the motivations behind modelling decisions are analysed in Chapter 2. I ex-
ecuted an inductive content analysis on the interview transcripts, which led to a
classification of eight motivation categories: Individual, Team, Organisational, Ex-
ternal, Commissioner, National, International and Consequential. Furthermore, two
overarching themes are identified: Vision and Standards. Additionally, the eight mo-
tivation categories are compared within different modelling steps. The individual
modellers’ influence mainly extends to the model implementation decisions. Other
decisions, such as model software, are mostly determined by Organisational, External,
Commissioner and National considerations. Moreover, in general, feasibility appears
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Summary

to be a more important motivation than reliability and usefulness. The findings in-
dicate that the modeller’s sphere of influence is restricted by other factors, such as
Organisational or National considerations.

Second, I have studied how modellers perceive automation as a standardisation ap-
proach (Chapter 3). I used an automation initiative in the Netherlands as my case
study. This initiative was a collaboration between research institutes, consulting com-
panies and water authorities. I analysed a different part of the transcripts that I also
used in Chapter 2. The analysis was based on deductive and inductive content ana-
lyses. The analysis has shown that automation has the potential to improve consist-
ency, efficiency and transparency when the modelling process is automated at the
organisational or inter-organisational level. However, this does need several require-
ments to be met: good documentation, clear ownership, adequate maintenance and
frequent evaluation. The interviews have also indicated that disadvantages of auto-
mation are loss of flexibility, agency of the modeller and insight in uncertainty. Balan-
cing the risks and advantages of automation needs careful consideration of the power
between modellers and programmers.

Third, I have explored how modellers perceive bottom-up and top-down standard-
isation approaches (Chapter 4). In this chapter, I compare two cases: a top-down
common modelling framework currently implemented in Australia and a bottom-up
modelling guideline that exists in the Netherlands. I conducted twenty interviews in
Australia and sixteen in the Netherlands with users and developers of the standard-
isation approaches. The transcripts were analysed with an inductive content analysis.
From the interviews, it appeared that consensus is necessary for a standardisation
approach to be implemented. However, this is not a guarantee for a successful and
widely supported implementation of the standardisation approach. It can be pro-
moted by a top-down approach or external factors, such as an organisation or com-
missioner promoting it. The interviewees value the advantages standardisation can
offer, such as improved transparency and consistency. However, a standardisation
approach does need enough resources, maintenance and adaptability to be able to
evolve, similar to what is found in Chapter 3. Moreover, standardisation has several
potential pitfalls: reduced flexibility, assuming one approach is the most desirable,
and potentially marginalising certain stakeholders or concepts. As such, standardisa-
tion approaches are non-neutral tools, requiring deliberate development, application,
evolution and maintenance.

Finally, I have combined my findings of Chapters 2 - 4 to give recommendations for
moving forward in the hydrological modelling network in Chapter 5. These recom-
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mendations are based on my own and co-author experiences and insights from the
critical social sciences. The main take-away, from my perspective, is that responsible
modelling is a shared responsibility. I realise that modellers tend to already bear a lot
of the responsibility and are the easiest ones to ask actions from. Therefore, I target
the full modelling network – from commissioner, to modeller, to end-user – with my
recommendations.

In Chapter 6, I synthesise my findings and insights. My thesis highlights the so-
cial aspects prevalent in hydrodynamic decision-support modelling. Although the
responsibility of and differences in modelling results are often ascribed to the indi-
vidual modeller, this thesis shows that the context in which a modeller works is just
as, if not more, important in influencing the model results. As such, in summary,
modellers have their own sphere of influence in the modelling process and outside
of it, but this is limited and influenced by the modellers’ context. One could even
say that modellers are influencees – the ones being influenced, since society and the
modelling network shape the modellers, maybe even more than the modeller shapes
the model.
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Samenvatting

Kennis en data zijn hoekstenen van vele hedendaagse maatschappijen in de hele
wereld. Rekenmodellen, als een manier om kennis te creëren, worden in de we-

tenschap en praktijk veelvuldig en binnen veel disciplines toegepast. Onzekerheden
die geïntroduceerd worden tijdens het modelleerprocess kunnen voor verschillen in
model resultaten zorgen. Een bepalende factor voor variaties in de modelresultaten
is het verschil in modelleerpraktijken, omdat de keuze van een methode verschillen
in resultaten introduceert. Om de resultaten in perspectief te kunnen plaatsen, is het
belangrijk om te begrijpen hoe beslissingen binnen het modelleerproces worden ge-
nomen. Een modelleur neemt immers deze modelleerbeslissingen op basis van hun
eigen context, waardoor inter-modelleurvariabiliteit optreedt. Standaardisatie is een
mogelijke manier om de inter-modelleurvariabiliteit tegen te gaan. In het waterbeheer
zijn verschillende standaarden onderzocht. In Hoofdstuk 1 belicht ik de context van
mijn onderzoek en mijn onderzoeksvragen.

In de eerste drie onderzoekshoofdstukken (Hoofdstukken 2 - 4) worden modelleer-
praktijken en -standaarden geanalyseerd. In Hoofdstuk 2 wordt besproken hoe mo-
delleurs hun modelleerbeslissingen motiveren. Deze resultaten zijn gebaseerd op
veertien interviews die zijn uitgevoerd met Nederlandse, hydrodynamische, besluit-
vormingsondersteunende modelleurs, die werkzaam zijn bij lokale waterschappen of
adviesbureaus. Hoofdstuk 3 beschrijft hoe modelleurs automatisering als standaardi-
satiebenadering zien. Dit hoofdstuk is gebaseerd op de transcripten die zijn verkregen
uit de interviews met de Nederlandse hydrodynamische besluitvormingsondersteu-
nende modelleurs. Hoofdstuk 4 bevat een analyse van hoe modelleurs twee verschil-
lende standaardisatiebenaderingen zien. Ik behandel twee case studies: een top-down
standaardisatiebenadering in Australië en een bottom-up standaardisatiebenadering in
Nederland. Top-down en bottom-up refereren naar hoe de standaardisatiebenadering
begint. Bij een top-down begin wordt de benadering bijvoorbeeld geïnitieerd door een
overheid, terwijl bij een bottom-up initiatief dit gebeurt door bijvoorbeeld modelleurs
zelf.

Als eerste analyseerde ik de motivaties achter modelleerbeslissingen in Hoofdstuk 2.
Ik voerde een inductieve inhoudsanalyse uit op de interviewtranscripten, wat heeft
geleid tot een classificatie van acht motivatiecategorieën: Individual, Team, Organisa-
tional, External, Commissioner, National, International en Consequential. Verder wer-
den twee overkoepelende thema’s geïdentificeerd: Visie en Normen. Daarnaast wer-
den de acht motivatiecategorieën vergeleken tussen verschillende modelleerstappen.
De invloed van de individuele modelleur strekt zich voornamelijk uit tot de beslissin-
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Samenvatting

gen over de implementatie van het model. Andere beslissingen, zoals modelsoftware,
worden meestal bepaald door organisatorische, externe, en nationale overwegingen,
als ook door argumenten vanuit de opdrachtgever. Bovendien blijkt haalbaarheid in
het algemeen een belangrijkere motivatie te zijn dan betrouwbaarheid en bruikbaar-
heid. De bevindingen geven aan dat de invloedssfeer van de modelleur wordt beperkt
door andere factoren, zoals organisatorische of nationale overwegingen.

Ten tweede heb ik onderzocht hoe modelleurs automatisering zien als een standaar-
disatiemethode (Hoofdstuk 3). Ik heb een automatiseringsinitiatief in Nederland ge-
bruikt als mijn case study. Dit initiatief was een samenwerking tussen onderzoeksin-
stituten, adviesbureaus en waterschappen. Ik heb een ander deel van de transcripten
geanalyseerd die ik ook heb gebruikt in Hoofdstuk 2. De analyse is gebaseerd op
deductieve en inductieve inhoudsanalyses. De analyse heeft aangetoond dat auto-
matisering de consistentie, efficiëntie en transparantie kan verbeteren wanneer het
modelleerproces op organisatorisch of interorganisationeel niveau wordt geautoma-
tiseerd. Hiervoor moet echter wel aan een aantal vereisten worden voldaan: goede
documentatie, duidelijk eigenaarschap, adequaat onderhoud en frequente evaluatie.
De geïnterviewden gaven nadelen van deze automatisering aan: verlies aan flexibi-
liteit en handelingsvrijheid van de modelleur en inzicht in onzekerheid waren. Om
evenwicht te brengen tussen de risico’s en voordelen van automatisering vereist een
zorgvuldige afweging van de invloed tussen modelleurs en programmeurs.

Ten derde heb ik onderzocht hoe modelleurs bottom-up en top-down standardisatie
methodes ervaren (Hoofdstuk 4). In dit hoofdstuk vergelijk ik twee case studies: een
gemeenschappelijk modelleerraamwerk in Australië en een modelleerhandboek in Ne-
derland. Ik heb twintig interviews in Australië en zestien interviews in Nederland ge-
houden. De transcripten heb ik geanalyseerd met een inductieve inhoudelijke analyse,
waaruit blijkt dat consensus nodig om een standardisatie methode te implementeren.
Maar dit is echter geen garantie dat het breed gedragen en succesvol geïmplementeerd
wordt. Implementatie kan bevorderd worden door top-down of externe druk, zoals
organisaties of opdrachtgevers die het gebruik van de standaardisatiebenadering sti-
muleren. De geïnterviewden waarderen de voordelen die standardisatie met zich mee
brengt, bijvoorbeeld consistentie. Maar, een standaardisatie methode heeft genoeg
middelen, onderhoud en aanpassingsmogelijkheden nodig om zich door de tijd te
kunnen ontwikkelen. Dit is vergelijkbaar met de bevindingen van Hoofdstuk 3. Stan-
daardisatie heeft ook meerdere valkuilen: minder flexibiliteit, één perspectief wordt
gekozen als voorkeur, en mogelijk worden bepaalde belanghebbenden of concepten
gemarginaliseerd. Daarom zijn standaardisatie methodes niet-neutrale hulpmidde-
len, waardoor het nodig is om die zorgvuldig te ontwikkelen, te implementeren, te
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evolueren en te onderhouden.

Ten vierde heb ik de bevindingen van Hoofdstukken 2 - 4 gecombineerd om aanbeve-
lingen te maken voor de hydrologische modelleergemeenschap in Hoofdstuk 5. Deze
aanbevelingen zijn gebaseerd op mijn eigen en co-auteur ervaringen en inzichten van
de kritische sociale wetenschappen. De hoofdboodschap, vanuit mijn perspectief, is
dat verantwoordelijk modelleren een gedeelde verantwoordelijkheid is. Ik realiseer
me dat modelleurs al vaak veel verantwoordelijkheid dragen en tegelijkertijd degenen
zijn op wie gemakkelijk een beroep wordt gedaan. Daarom richten mijn aanbevelin-
gen zich op de volledige modelleergemeenschap – van opdrachgever tot modelleur
tot eindgebruiker.

In Hoofdstuk 6 bediscussieer ik mijn bevindingen en inzichten. Mijn thesis benadrukt
de sociale aspecten aanwezig in hydrodynamisch modelleren die besluitvorming on-
dersteunen. Ondanks dat de verantwoordelijkheid voor en de verschillen in model-
resultaten vaak worden toegeschreven aan de individuele modelleur, laat deze thesis
zien dat de context waarin een modelleur werkt net zo belangrijk, of zelfs belangrijker,
is in het beïnvloeden van de model resultaten. Kortom, modelleurs hebben hun eigen
invloedssfeer tijdens het modelleerproces en daarbuiten, maar deze wordt gelimiteerd
en beïnvloed door de context van de modelleur. Ook de modelleur zelf kan gezien
worden als onderhevig aan invloeden, aangezien de maatschappij en de modelleer-
gemeenschap hun sporen op de modelleur nalaten, misschien zelfs meer dan dat de
modelleur het model beïnvloedt.
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1 | Introduction

“I did not know before that you were a studier of character.
It must be an amusing study.”

—Jane Austen, Pride and Prejudice (1813)

1.1 | Knowledge creation and models

Knowledge and data are cornerstones in many current-day societies around the
world. For example, many rely on the latest traffic news or weather forecasts to

plan their journey home after a day of work (de Campos Vallim & Akabane, 2023; Lazo
et al., 2009). This is only possible due to knowledge creation – data collection, pro-
cess understanding and result interpretation (Bereiter & Scardamalia, 2014; Nonaka
& Toyama, 2003). Modelling is one form of knowledge creation (Knutti et al., 2013;
Savenije, 2009; Schmolke et al., 2010). In weather forecasts, data are collected regard-
ing multiple meteorological variables. Subsequently, these data are used in models to
create the weather forecasts. As such, models play an essential role in everyday life.

Models are simplified representations of reality (Frigg & Hartmann, 2024; Refsgaard,
1996; Savenije, 2009). They exist in different forms, such as mental, scale and computer
models. Mental models are an idea, belief or concept within your own mind of how
the world works. It is often formed by personal experience (Craik, 1967; Mayer et al.,
2017; Moray, 1999). Many people use the mental model ‘Margin of Safety’ in their
daily life – incorporating a buffer in your planning to be able to handle unforeseen
circumstances (Thompson, 1979), for instance, adding more time for train journeys to
take into account potential delays. Scale models are physical representations of an
element of the world. In a scale model, the dimensions of reality are adhered to, but
the size is often smaller (Black, 2019; Frigg & Hartmann, 2024). Computer models are
codified representations of reality in quantitative terms. These are used to support
calculations and predictions (Savenije, 2009; Devi et al., 2015). Within my thesis, I
focus on this last group of models.

Computer models are used throughout science and practice, for many applications
and within many disciplines. For example, climatology (Eyring et al., 2019; Knutti
et al., 2013), ecology (Schmolke et al., 2010; Quinn et al., 2017), epidemiology (Amorim
& Cai, 2015; Garner & Hamilton, 2011) and hydrology (Burt & McDonnell, 2015; Hor-
ton et al., 2022; Refsgaard, 1996) use models frequently. Applications include improv-
ing process understanding, exploring future scenarios, such as climate scenarios, or
creating real-time simulations, such as weather forecasts. Burt & McDonnell (2015)
found that, based on a bibliometric analysis, the use of models steadily increased over
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1.2 | Water management and modelling

time, up to 70% in 2010. Besides models being applied for scientific purposes, models
are also used for practical purposes. For instance, models are applied for real-time
flood monitoring, or for predictions of droughts. In the practical context, models are
used to inform decision making in water management.

1.2 | Water management and modelling

Water management’s goal is to govern the water resources available sustainably and
safely (Brouwer, 2015; Cosgrove & Loucks, 2015). In the past, and still now, this has
not always been done: groundwater has been overabstracted, river systems have been
disrupted and water bodies have been polluted (Connell & Grafton, 2011; Cosgrove
& Loucks, 2015; Darling, 1945; Nabavi, 2018; Zwarteveen et al., 2021). More recently,
water managers and scientists recognise that all water bodies require careful manage-
ment (Bartholomeus et al., 2023; Brouwer, 2015; Connell & Grafton, 2011; Cosgrove &
Loucks, 2015). How water management is specifically arranged differs per country.
Generally, a national organisation keeps an overview of the national needs and de-
mands, while local water management organisations deal with the local needs, plans
and implementation of water management strategies. Within water management, dif-
ferent priorities can be considered, such as agriculture, environment and urban areas.

Hydrological problems are embedded in society (Blackett et al., 2024; Jakeman et al.,
2006; Wescoat Jr & White, 2003), which means they have a mutual dependence. For
instance, urban areas need to implement and maintain proper water systems to cope
with heavy rainfall or waste water (Otterpohl et al., 1997; Xu et al., 2020). Or, hydro-
logical extremes will become more frequent due to climate change (Brouwer, 2015;
Connell & Grafton, 2011), which means agriculture will have to adapt to more floods
or droughts (Anderson, 2014; Quinn et al., 2017). Also, water availability will be
more uncertain, which can impact the environment (Hughes et al., 2011; Melsen et al.,
2018a). These problems require decision making to handle them, which is often par-
tially informed by model results – one way how modellers can potentially act as influ-
encers, even extending to influencing society. However, these decisions are made with
many uncertainties (Malano, 2010). Moreover, any decision regarding water man-
agement will have a socio-economic effect. For example, water rationing during a
drought might devalue the environment or negatively impact agricultural enterprises
(Anderson, 2014). Thus, decisions informed by model results can have far-reaching
socio-economic impacts (Jakeman et al., 2006; Uusitalo et al., 2015).

As model results can have socio-economic impacts, model results can be questioned

3
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1 | Introduction

and criticised in this context, for example model results were questioned after flood-
ing in the Brisbane area, Australia (Supreme Court of New South Wales, 2021; Malano,
2010). Therefore, model results need to be created responsibly, meaning that the model
results can be explained and understood, for which its creators and/or users can
be held accountable. Transparency and retraceability can increase the accountabil-
ity of the model results. Transparency relates to being open about assumptions and
decisions made throughout the modelling process (Klein et al., 2024; Malano, 2010;
Packett et al., 2020). Retraceability means that how model results were created is iden-
tifiable in hindsight and by other actors (Lahtinen et al., 2017). However, transparency
and retraceability are perceived differently per person, depending on individual ex-
perience and background. A modeller (in this thesis, defined as the subject-matter ex-
perts in representing the system being modelled using numerical relationships) might
find a model to be more transparent than a policy maker, because they have a dif-
ferent background. Furthermore, model results, or any form of knowledge, can be
perceived differently. Packett et al. (2020) explored how gender analysis can inform
modelling decisions and influence model results interpretation. They showed that in-
cluding other perspectives in a modelling study and the representations in a model
redistributes the decision making to be more equitable and, as such, more responsible.

1.3 | Philosophies of science

Perceptions of knowledge – in this case, how model results are viewed and interpreted
– are dependent on philosophies of science. Philosophy of science concerns itself with
why and how science creates and delivers knowledge. It tackles the question of when
something can be called scientific (Frigg & Hartmann, 2024). This type of philosophy
has many different stances that each define differently what “good" science is. Ex-
amples of science philosophies are:

• Positivism — Logic and reason form the base for knowledge creation in this
science philosophy. It poses that all knowledge based on observations and logic
is objective. Within this science philosophy, there is an emphasis on quantitative
methods (Guba & Lincoln, 1994).

• Post-positivism — Objectivity is also pursued in this science philosophy, how-
ever, it is also recognised that the scientist’s background and values can impact
what is observed. Post-positivists consider both quantitative and qualitative
methods (Guba & Lincoln, 1994).

4
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1.3 | Philosophies of science

• Constructivism — This science philosophy is based on the idea that knowledge
is actively constructed. It is created through the interaction between a scientist
and all other aspects, such as the methods, society and the problem studied
(Evanoff, 2004; Guba & Lincoln, 1994).

• Subjectivism — All knowledge is deemed to be subjective, meaning there
exists no objective truth. Subjectivism poses that each scientist has their own
understanding of knowledge and that knowledge is created from the scientist’s
individual perspective. Experience of the scientist is perceived to be important
in determining reality (Smith, 1908).

• Relativism — Like subjectivism, relativism is the idea that no absolute truth
exists. However, knowledge is created in relation to cultural, societal and histor-
ical influences. Relativism acknowledges and respects differences in culture, but
does not provide a way to overcome them (Evanoff, 2004).

These five examples are part of a spectrum of possible philosophies: many more
philosophies exist. Besides determining model result interpretation, philosophies of
science colour the manner of communication about model results between modellers
and between modellers and other stakeholders, such as decision makers. Additionally,
scientists might not be aware of their own philosophy of science. And even if they
might be aware of it, they can still shy away from it due to philosophy’s ambiguity
(Glattfelder, 2019; Laplane et al., 2019).

In the natural sciences, a positivist stance seems to dominate. In this context, ob-
jectivity entails that scientific results do not contain anything from the scientist them-
selves (Daston & Galison, 2007; Frigg & Hartmann, 2024; Leamer, 2009). Objectivity is
shown through, for example, creation of images or figures, statistics, or double-blind
clinical trials (Daston & Galison, 2007; Gustafsson, 1981). However, in the past few
decades, questions arose concerning what ‘scientific objectivity’ actually is (Longino,
1990; Stefanidou & Skordoulis, 2014; Tsou et al., 2015; Wood, 2001). As such, objectiv-
ity is a changing concept through time.

The philosophy of science community became interested in modelling because models
represent reality in an idealised manner, but are not completely true to it (e.g. Frigg
& Hartmann, 2024; Hegselmann et al., 1996; Oreskes, 2003, 2018; Parker & Winsberg,
2018). As such, modelling undermines the traditional viewpoint that natural sciences
give a ‘true’ representation of reality (Frigg & Hartmann, 2024). Even though model-
ling undermines the idea of objectivity in natural sciences, quantitative results often
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1 | Introduction

have the association of being objective. In modelling, scientists are moving towards
acknowledging subjectivity and bias in its process more (Babel et al., 2019; Krueger
et al., 2012; Melsen, 2022). To reiterate a previous example, Packett et al. (2020) showed
how gender might influence the modelling process and model result interpretation,
as such undermining the idea of objectivity. As such, philosophies of science can col-
our the way a scientist views and interprets the results of and uncertainties in their
scientific process.

1.4 | Uncertainty in modelling

Throughout the process of modelling natural environmental systems, uncertainty is
introduced. Three types of uncertainty can generally be discerned: epistemic, meth-
odological and technical (Bastin et al., 2013; Nearing et al., 2016; Oreskes, 1998). How-
ever, Nearing et al. (2016) pose that uncertainty can only be understood based on a
philosophy of science. For example, positivist thinking typically only acknowledges
technological uncertainty. Technical uncertainty pertains to the traditional uncertain-
ties studied: data, model structure and parameter uncertainty (Krueger & Alba, 2022;
McMillan et al., 2018; Oreskes, 1998; Uusitalo et al., 2015). Not surprising, given the
dominance of a positivist stance in hydrology, these sources of uncertainty are most
frequently addressed in the hydrological modelling literature. Epistemic uncertainty
pertains to a lack of knowledge or understanding regarding the characteristics of the
process being modelled or the modelling process itself (Oreskes, 1998; Uusitalo et al.,
2015). For example, lack of data or information can result in an incomplete under-
standing of the full system. Certain physical processes might not be apparent because
of that, meaning that these processes might be excluded from the representation of
the model. Methodological uncertainty refers to the method chosen and used (Bilcke
et al., 2011; Mercieca & Mercieca, 2013). Applying a different method entails having a
different representation of reality. It can be underdetermined which method would be
most fit-for-purpose. Of these uncertainties, technical uncertainties can often be more
easily quantified, which highlights the variation possible in model results.

A factor introducing variations in the model results is the variation in modelling prac-
tices, as choosing a method introduces differences in results (Clark et al., 2008; Melsen
et al., 2019). Since the modellers choose the methods, (hydrological) modelling results
depend on who executed the modelling study – another way how modellers can act
as influencers, which I coined as inter-modeller variability. Holländer et al. (2009)
invited ten scientific modellers to model the exact same German artificial catchment.
None of the modellers had any prior knowledge of the catchment. All were given
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1.5 | Standardisation of the modelling process

the same data. Despite this, the model results differed substantially, mainly due to
the modeller’s personal judgement and choices made during the modelling process.
Holländer et al. (2014) extended this study by arranging a field visit and giving access
to more data. The modellers were asked to redo the modelling study with this addi-
tional information. Again, Holländer et al. (2014) found that the modeller’s personal
experience played an important role in the differences in results. Therefore, to be able
to put model results in perspective, it is important to understand how decision within
the modelling process are made.

Modelling decisions are based on a multitude of motivations. Babel et al. (2019) ex-
plored how scientific modellers make decisions when developing an environmental
model. They conducted seven in-depth interviews, and found that the team and the
organisation in which the modeller works influences the decisions they make. Melsen
(2022) conducted interviews with modellers in three different scientific hydrological
modelling groups. She found that the team in which a modeller work is highly influ-
ential in making modelling decisions. The modelling decisions within the modelling
process result in path dependency (Lahtinen et al., 2017). Decisions later on in the
modelling process are limited by decisions made earlier. As a modeller makes these
modelling decision based on their own context, such as experience, habit and work
environment, inter-modeller variability occurs.

1.5 | Standardisation of the modelling process

Reverting back to water management, where models are used to support decision
making. In Section 1.2, it was mentioned that models have to be developed respons-
ibly. The inter-modeller variability introduced in the previous section can challenge
this responsible development. Standardisation is one way to counter inter-modeller
variability, and with that to contribute to accountability. Standardisation, in a general
sense, aims to create a process or product of similar quality and with the same fea-
tures in a similar way (Cambridge Dictionary, SA). Within modelling, this translates
to unifying modelling processes and practices through, for instance, frameworks or
guidelines. Standardisation can be implemented differently, e.g. voluntarily, through
certification, or through legal requirements, and can be executed with various ap-
proaches, e.g. through automation, or guidelines (Deltares, 2023b; Goulden et al., 2019;
Jones et al., 2020; Lord & Anthony, 2000).

Standardisation can have multiple advantages. It can create consistency, transparency,
reproducibility and retraceability of modelling results. Consistency relates to execut-
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1 | Introduction

ing a modelling study in a similar manner (Goulden et al., 2019; Müller et al., 2014).
Standardising the modelling process results in a similar way of working between mod-
ellers. Transparency and retracability can be increased, because assumptions and de-
cisions between modellers are the same with standardisation, meaning these only have
to be documented once. Reproducibility is the ability to replicate modelling results
without any unforeseen errors or differences (Gundersen, 2021; Schwarz et al., 2020).
These advantages can contribute to a better support base for decision making based
on models (Wang et al., 2023). However, whether these advantages come to fruition
depends on how the standardisation approach is implemented.

Standardisation also has some potential disadvantages, such as lack of flexibility and
innovation, and the costs it incurs. As methods and processes are unified, flexibility
is decreased (Meijer et al., 2023; Wears, 2015). This potentially decreases the model-
lers ability to change the process according to the specific needs of a modelling study.
Innovation can be hampered because the standardisation approach is no longer ques-
tioned (Pardo-del Val et al., 2014; Wears, 2015). Also, modellers will no longer learn
from each others modelling practices as these have been standardised. The standards
might not align with the experience of the modeller on which approach works best.
Finally, it requires resources, effort and time to implement a standardisation approach
(Daniels & Starr, 1997; Jones et al., 2020). These disadvantages can result in standard-
isation becoming detrimental to creating a support base for decision making.

In water management, several standards have been explored. In the Netherlands, for
instance, this has been done through the Good Modelling Practice handbook (van
Waveren et al., 1999), through automation (Deltares, 2023b) and through the develop-
ment of national frameworks (Hoogewoud et al., 2013; Kukuric, 2011). In Australia, a
national modelling framework is developed as a way to implement standards (eWa-
ter Source Group, SA). Each of these approaches bring their own challenges and
opportunities. Since it is the modellers that have to implement the standardisation
approaches in their everyday modelling practice, it is crucial to understand how mod-
ellers perceive different standardisation approaches.

1.6 | My positionality

In this thesis, I will research modelling practices and standards and how modellers
perceive these – in essence, I reflect on how modellers reflect on their process. I will
interpret these results, and since a scientist’s perspective determines how data are
interpreted and communicated, it makes sense that I, with a more post-positivism
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1.7 | Thesis outline

outlook, also reflect on my own perspective. Therefore, I include a positionality state-
ment, which contains how my personal background has impacted my choices for and
within this research.

I am a Dutch woman, 28 years old (at the time of writing this statement, Sept 2024).
Already from a young age, I loved water: seeing it, playing in and with it (for any
stories ask my mum). Being near the water clears my head and calms me down.
Water and how it flows have always fascinated me So, for me, it made sense to start
my studies in climate and hydrology and follow this up with my PhD research in the
hydrological sciences.

Besides water, I like numbers, I like calculating things, preferably out of the top of my
head or with pen and paper as my aids. As such, I find the idea of models interesting
(even though they are on computers). I also like a certain amount of clarity and being
able to explain things. These aspects draw me quite naturally towards the positivist
philosophy, which my mainly natural-science education has strengthened.

Also, I have always loved stories, discovering a different world. This translated to
curiosity in other cultures and perspectives. My interest in different perspectives has
grown into a more post-positivist outlook with probably unconsciously a hint of sub-
jectivism and relativism. My PhD allowed me to explore the perspectives of many
people on modelling and also meet many more people to hear their stories.

I completed my BSc and MSc at Wageningen University, respectively in 2017 and 2020.
During my studies, I focused on hydrology and climate, learning about both social
and physical aspects of these domains. My dual interest in social and environmental
sciences meant I found this PhD a great combination of the two. My research was
within the hydrological disciplines and trying some modelling (which failed though),
but applying interview techniques and bringing a social perspective to it.

This is the positionality I had at the start of my PhD. I will reflect on how this has
changed during and due to my PhD research in Chapter 6.

1.7 | Thesis outline

Within this thesis, I focus on decision-support modelling in water management, ana-
lysing the modeller’s practices and their perception of standardisation approaches.
In a decision-support context, model results are used in situations with high societal
impacts. Therefore, understanding the social aspects in the modelling process – how
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modellers can act as influencers within it – can contribute to putting modelling results
into perspective, and help create a more accountable modelling process. The main
research questions that will be addressed in this thesis are:

1. How do hydrodynamic decision-support modellers make modelling decisions?

2. How do hydrodynamic decision-support modellers perceive automation as a
standardisation approach?

3. How do decision-support modellers perceive top-down and bottom-up stand-
ardisation approaches?

In the first three research chapters of this thesis, the research questions are explored in
detail. In Chapter 2, it is discussed how modellers motivate their modelling decisions.
These results are based on fourteen interviews conducted with Dutch hydrodynamic
decision-support modellers. Chapter 3 relates how modellers perceive automation as
a standardisation approach. Automation as a standardisation approach means repla-
cing manual modelling decisions with a computer programming script that executes
those decisions without human intervention. Centralised automation has the poten-
tial to ensure quality of modelling decisions. Chapter 4 contains the analysis on how
modellers perceive two different standardisation approaches. I address two case stud-
ies: a top-down standardisation approach currently implemented in Australia and a
bottom-up standardisation approach that exists in the Netherlands.

Chapter 5 summarises the findings and insights I obtained during this research into re-
commendations for the hydrological modelling network – all actors, i.e. funders, com-
missioner, modellers, users, decision-makers, involved in and influencing the model-
ling study. Finally, in Chapter 6, this thesis’s findings are summarised and discussed
in a broader context and asses how the modellers can act as influencers within the
modelling process and in society. This also includes a reflection on my positionality
with regards to this research topic.

This thesis highlights the social aspects prevalent in hydrodynamic decision-support
modelling. Although the responsibility of and differences in modelling results are
often ascribed to the individual modeller, this thesis shows that the context in which
a modeller works is just as, if not more, important in influencing the model results.
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A modeller’s fingerprint
This chapter is based on:

Remmers, J.O.E., Teuling, A.J., Melsen, L.A. (2024). A 
modeller’s fingerprint on hydrodynamic decision support 
modelling. Environmental Modelling & Software. 181, DOI: 
10.1016/j.envsoft.2024.106167
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Abstract

Model results can have far-reaching societal implications, requiring fit-for-
purpose models. However, model output is resulting from a particular path

chosen with each modelling decision. We interviewed fourteen modellers in the Dutch
water management sector in order to study how decision-support hydrodynamic mod-
ellers make modelling decisions. An inductive-content analysis was performed. We
identified eight motivation-categories. Individual and team considerations mostly mo-
tivate modelling decisions. We identified patterns between the motivation-categories
and their occurrence across modelling steps. Modelling decisions during model
implementation were found to be more in the modeller’s direct sphere of influ-
ence, while decisions concerning model structure and data selection more outside
of it. So, even though modellers can leave their fingerprint, their sphere of influ-
ence and thus their fingerprint’s clarity is bounded by institutionalised predefined
decisions. Thus, models and their results are shaped within a broader sphere than the
modeller’s alone, requiring a broader consideration of organisations and standards.

“One man’s way may be as good as another’s,
but we all like our own best.”

—Jane Austen, Persuasion (1818)
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2.1 | Introduction

2.1 | Introduction

After flooding in January 2011 that afflicted large areas near the Australian cities of
Brisbane and Ipswich, a lawsuit was filed against two dam operating companies

and the state of Queensland. The claim was that negligent operation of the dams, and
not the rainfall directly, had resulted in widespread property damage. In the lawsuit,
the decisions concerning early dam releases, the modelling they were based on, and
the handbook that was followed were questioned. It was concluded that the flooding
occurred due to a combination of torrential rains in the catchment and a release from
the Wivenhoe Dam to prevent it from overtopping. The judge, initially, ruled in favour
of the claimants, but the ruling was later overturned during an appeal (Supreme Court
of New South Wales, 2021). As this case shows, model results and decisions informed
by model results can can have real consequences and the role of the modeller can be
scrutinised.

Model results used for decision support can have far-reaching effects and model
users, the decision makers, can be held accountable, as the Australian case shows.
This means that model users depend on modellers to provide them with accountable
model results. However, model results can vary depending on the path taken with
every modelling decision that is made (Glynn et al., 2017; Holländer et al., 2009, 2014;
Lahtinen et al., 2017; Melsen et al., 2019; Polhill & Edmonds, 2007). We refer to model-
ling decisions as the choices made throughout the modelling process by the modeller,
including: how and which processes are represented, how data are used and how the
validation is executed. Each decision has a reasoning behind it, which is what we call
the motivation for this modelling decision. Given that the modeller is in charge of
many of these decisions, it is imperative to take the modeller’s role in the modelling
process into account to understand their role in the modelling process.

Modelling decisions made by a modeller can impact the various stages in the model-
ling process. As detailed in Chapter 1, Holländer et al. (2009, 2014) showed that the
modeller’s personal judgement contributed substantially to the variations in the model
results. Also, Melsen et al. (2019) conducted a modelling experiment to test how four
modelling decisions impact the modelling results. In stead of having other model-
lers make modelling decisions and execute the modelling, they defined the modelling
decisions and their options when they conducted the modelling study themselves.
The studied modelling decisions significantly affect the simulated flood and drought
events. These studies show that model results depend on the modelling decisions
made. With these modelling decisions, modellers leave their fingerprint in their mod-
els.
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2 | A modeller’s fingerprint

Several studies already investigated how social processes steer motivations for mod-
elling decisions, mainly in an academic setting. Melsen (2022) conducted interviews
with hydrological modellers to investigate how they made their modelling decisions
during a specific modelling study. Her conclusion was that the team in which a model-
ler works is an important factor in making certain decisions in a particular way. Babel
et al. (2019) also conducted interviews, yet across different disciplines and focusing
more on the development of the model. Also here, it was found that the modeller’s
team and collaborators contributed considerably to model development. Addor &
Melsen (2019) looked at how model structures are selected. They performed a bib-
liometric study, in which they found that legacy, represented through the institute
of the first author, is the best predictor for model selection. These studies show a
wider range of motivations in modelling decisions, beyond the considerations of the
individual modellers, and thus the large role of social processes in technical model
use.

However, decision-support modelling generally has its roots outside of academia, at
governmental agencies and consulting companies. There are several studies who have
investigated the modeller’s influence in such a decision-support setting. Padilla et al.
(2018) present a survey regarding modellers’ perspectives on modelling and simula-
tions. Their survey was fully completed by 151 respondents who were identified as
model builders from both academia and industry. They found that conceptualisa-
tion and validation of models relied heavily on informal methods, such as the use of
pen and paper or visual inspection. This implies that individual modeller’s perspect-
ives shape the modelling decisions made. Deitrick et al. (2021) deployed a survey,
which had 27 respondents, and conducted four in-depth follow-up interviews, which
focused on how modellers make decisions during the watershed modelling process.
They reached an audience working in mainly academics and governmental agencies.
Their study highlights how the modeller’s ethical – related to personal standards –
and epistemic – related to knowledge building – values inform the modelling process.
Fleming (2009) conducted a small survey about how a watershed model is selected.
Their respondents worked in government, the private sector and academia. They
found that both individual considerations, such as familiarity with a certain method,
and organisational considerations, such as standards in an organisation, are consider-
able influences in the modelling process. These studies show that the social aspects
of modelling are important to consider in different contexts – academia, government
and the private sector.

Here, we explicitly and solely focus on practitioners that use models for every day
decision-making practice. Understanding modelling decisions in such a context is ex-
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2.2 | Methodology

tremely relevant, because these models directly interfere with the real world (Lane,
2014), as also demonstrated by the role of models in the Australian flood. We conduc-
ted fourteen in-depth interviews with modellers at water authorities and consulting
companies, focusing solely on modelling in the governmental and consulting sectors.
The analysis consists of an inductive content analysis covering the motivations behind
modelling decisions, the variation of motivations across the modelling process and the
difference in motivations between the governmental and consulting sectors.

2.2 | Methodology

In order to investigate how decision-support hydrodynamic modellers make model-
ling decisions, we conducted fourteen interviews. We used the Netherlands as a case
study, which will be described in the first subsection. The interviewees worked at local
water authorities or consulting companies. The interviewee selection and interviews
are detailed in the second subsection. The analysis of the interviews consisted of an
inductive content analysis, which is elaborated in the third subsection.

2.2.1 | Case Study

Since social processes are highly localised, it is infeasible to further our understand-
ing of the social aspects of modelling at a general level. Therefore, we focus on a
defined case: decision-support modelling in the Netherlands. Such an approach is
also defended by Deitrick et al. (2021), having conducted a survey and interviews
in the Chesapeake Bay Watershed (US), indicating that other case studies would im-
prove the general understanding of how decision-support modellers make modelling
decisions.

In the Netherlands, national and local water authorities and consulting companies
are the main parties that execute decision-support modelling for water management,
assisted by research institutes. At the national level, the governmental agency Rijks-
waterstaat has this responsibility (Government of the Netherlands, SA). At the local
level, there are 21 water authorities, which carry responsibility for the water manage-
ment in their region (Government of the Netherlands, SA). Over the past decades, the
management structure of Rijkswaterstaat and the water authorities has shifted. Ini-
tially, in the 1950s and 60s, they had substantial in-house modelling knowledge, which
allowed them to facilitate their own modelling studies. At some point, the structure
changed from having in-house knowledge to performing project management. As a
result, Rijkswaterstaat and the water authorities had to rely more on consulting com-
panies and research institutes to (partially) carry out the modelling process (Vukovic,
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2022; van den Berg & van Lieshout, 2022). Through public biddings, there are several
consulting companies that support the water authorities. This support consists of ex-
ecuting of the whole modelling process, setting up the model, or knowledge provision
and training for water authorities so that they are able to set-up and execute models
themselves. Research institutes support the hydrodynamic modelling mainly through
developing new model software. The research institutes specifically target the know-
ledge intensive and technical aspects of the software development. Moreover, the
research institutes play a key role in the maintenance and quality assurance of the
software suites. Some of the interviewees of this study that work at water authorit-
ies indicated that, since a few years, water authorities aim to obtain more in-house
knowledge again through human resources and knowledge acquisition.

For decades, most water authorities have worked with the same model software suite:
SOBEK (Deltares, 2023d; Stelling & Duinmeijer, 2003). The functionalities of this soft-
ware suite cover among others rainfall-runoff processes, 1D open and closed hydro-
dynamics and 2D overland flow. Currently, the water authorities are looking into
suitable alternatives to SOBEK, as its maintenance is discontinued.

2.2.2 | Interviewee selection and interviews

To study the modeller’s motivations for their modelling decisions, we interviewed
fourteen modellers at water authorities and consulting companies. The interviewee se-
lection was within a hydrodynamic modelling project and through snowball sampling,
which is not an unusual method. Still, it could affect the representativeness of the in-
terviewee sample. We examined this by evaluating the saturation of coding and the
differences between the interviewees working at the same organisation.

Nine of the interviewees worked at six different water authorities at the time of the
interviews. The other five worked at four different consulting companies. Modellers
at water authorities and consulting companies execute other aspects of the modelling
process due to the different role of each organisation. The interviewees were all hy-
drodynamic modellers. Their experience with modelling ranged from one to fifteen
years. The interviewees use models for various applications. For flood applications,
all interviewees execute real-time forecasting to evaluate if their water system can
cope with certain events. Other applications include infrastructure dimension design
and scenario testing, which were both mentioned by about half of the interviewees.
Additional, though less-frequently mentioned applications are water system design,
drought management and water quality modelling. Figure 2.1 provides an example
of modelling decision the interviewees encountered during their modelling studies.
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Figure 2.1 | General overview of the modelling process and examples of decisions that modellers have
to make for each step, for Dutch water management modellers.

All interviews, semi-structured, took place between September and December 2021.
All but one were conducted in Dutch, with the other one being held in English. On
average, the interviews lasted between 1 hour 15 minutes and 2 hours. At the start
of the interview, all interviewees gave their informed consent. After the interviews,
we sent the transcripts for a final approval to the interviewees, which was granted by
all of them. The interview guide, included in Appendix General, covered questions
about motivations behind modelling decisions, i.e. how the interviewee made a certain
modelling decision or when they would change their decision. For instance, one of the
interviewees considered the aim of the modelling study to determine the simulation
period: for one flood event a couple of days or weeks and for groundwater-related
studies at least a year. Each interview was recorded and subsequently transcribed.

2.2.3 | Content Analysis

An inductive content analysis of all transcripts was carried out using AtlasTi, ver-
sion 9 (ATLAS.ti Scientific Software Development GmbH, 2022). This analysis, first,
entailed inserting topical interview codes to categorise which segments of the tran-
scripts covered the different modelling decisions and which segments covered general
questions, such as the interviewee’s confidence in a model and its simulations and the
interviewees’ perceived influence as a modeller. For example, the topical interview
code ‘Calibration’ indicates all quotations in the transcript that were about calibration.
This can be in response to a question about calibration, but it can also be that the
interviewee mentioned calibration in relation to another question.

The second part of the content analysis produced interview codes, which contain the
results of this study – how modellers make modelling decisions. Here, we specifically
focused on whether and how modellers make a certain decision and when they would
decide differently. The set obtained from this inductive content analysis contained 96
interview codes (see Appendix of Chapter 2). Each interview code can be applied
to multiple quotations – an excerpt of the transcript. A single quotation can also
have multiple codes. For example, we assigned two codes (‘Tender requirements’ and
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2 | A modeller’s fingerprint

‘Earlier work within organisation’) to the following quotation: ‘The decision was made
based on a proposal that was tendered and awarded before I started at the company’.
The code ‘Tender requirements’ relates to the fact that it was based on a tendered
proposal and the code ‘Earlier work within organisation’ covers that this proposal
was tendered before the interviewee started working at the organisation.

After the inductive content analysis, the interview codes were classified into
motivation-categories, which resulted in a general overview of the motivations. This
classification was made through discussion within our team. In our analysis, we have
also looked at overarching themes. These themes appear in several of the previously
determined categories. Furthermore, combining the categorised codes with the top-
ical codes (i.e., topics) allowed for exploration of different motivations for different
modelling steps. For example, the motivations in the category Organisational appear
on average most frequently in the quotations related to the topical code ‘Model struc-
ture’, which implies that decisions related to model structure generally occur at the
organisational level. Moreover, we analysed the average occurrence of codes, com-
pared between modellers at water authorities and consulting companies. Since water
authorities and consulting companies have a different role in the Dutch water man-
agement, i.e. water authorities are responsible for decision making and often using
models to support that, while the consulting companies support the water author-
ities in executing the modelling process, we hypothesise that this leads to different
motivations in making modelling decisions.

2.3 | Results and Interpretation

2.3.1 | Motivation classification

Across all interviews, 1699 quotations that contained a motivation were identified in
total. These quotations could be classified into 96 different motivations (Appendix of
Chapter 2), which were again grouped in eight different motivation-categories (Fig-
ure 2.2). A modelling decision is the choice for a certain method within one step of
the modelling process. The reasoning to choose this method is the motivation for
this decision. A decision can have multiple motivations, also from different categor-
ies. The eight identified categories are: Individual, Team, Organisational, External,
Commissioner, National, International and Consequential. These are discussed below.
Although we identified these eight categories, some interview codes could not be clas-
sified in one category, therefore we classified them in two. For example, ‘Testing’ is
in both the Individual and Team category, because this is sometimes executed by the
individual modeller and other times it is executed within the team.
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2.3 | Results and Interpretation

Individual — This category refers to all motivations made at the discretion of the
modeller themselves. This category is the biggest category of all eight in terms of
both codes and quotations, even when not taking into account the shared codes with
the Team category. The most prevalent codes in this category are ‘Personal insight’
and ‘Personal experience’ with 152 and 115 codes, respectively. An example of how
personal experience influences a modelling decision is the following: “I know from
experience that they [statistics-based cross sections] are not always reliable". This interviewee
chooses to not use certain data because in their experience the approach of statistics-
based cross sections is not reliable enough. Another frequently-occurring interview
code is ‘Personal preference’ with 62 quotations. Other codes included in this category
are among others ‘I don’t know’, ‘It doesn’t make a difference’ and ‘Logic’.

Team — The motivations in this category relate to the modeller and their direct col-
leagues. For example, a decisions is made by discussing it within the team or with
their superior. The most-frequently occurring code in this category is ‘Experience col-
leagues’, of which an example is “I think it is more because my colleagues also do it in that
way, so that is kind of easy. But I get what you mean, you could also retrieve the roughness
values in a different way. For me, it is actually because it was done in this way here, so I have
adopted that method". This modeller adopted a certain method, because their colleagues
used it and had experience with it. There is considerate overlap with the Individual
category, in total 261 distinct quotations, divided over twelve interview codes. Among
others, the interview codes ‘Testing’, ‘Model run time’ and ‘Hydrological knowledge’
are the main codes that overlap, respectively accounting for 77, 59 and 42 interview
quotations. For example, ‘Testing’ can be executed by an individual modeller or a
team.

Organisational — The organisation a modeller works at can also influence the de-
cision they make, for instance through the vision the organisation has or through the
infrastructure it provides. Another motivation in this category is ‘Earlier work done in
organisation’, of which an example is given in this quote: “Well, we provide a certain tool
to other organisations. (...) We also use this tool a lot.". Here, an organisation developed
a certain tool for other organisations. Because of this work done, they also use it
frequently themselves. This category shares two codes with other categories. One of
them is ‘Best available’ with the Team category. This refers to what is perceived to be
the best available method or data within either a team or an organisation.

External — Within the modelling process, tasks can be outsourced to an external part-
ner. If this external partner is responsible for making the modelling decision, the
motivation has been classified in the External category. This might mean that the
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interviewed modeller is unaware of the full reasoning for certain decisions made by
the external partner, which is generally the case when an external partner executes
these modelling decisions without in-between consultation. We captured this in the
code ‘Executed by an external partner’. This motivation was assigned to 37 distinct
quotations. This happens regularly for data pre-processing, which is often already
performed by the research institute providing the data. For instance, a modeller uses
meteorological data for flooding assessments. These generally-available statistical data
or time series have been derived by the Royal Netherlands Meteorological Institute,
and it is in this instance not necessary for the modeller to do any additional pre-
processing: “No, we don’t do that [pre-processing of meteorological statistical data or time
series]. No, that is actually already validated by KNMI [the Royal Netherlands Meteorolo-
gical Institute].". Another task that is commonly executed by an external partner is the
‘Model set-up’, calibration and validation for the main model of a region. A consult-
ing company supports a water authority in this way. Still, the water authority can
and will adapt this main model when deemed necessary. Of course, the execution of
any modelling step can also be an iterative process between two organisations, includ-
ing discussions between the parties. This is reflected in the code ‘In discussion with
external partner’, occurring 23 times.

Commissioner — This category includes the motivations that are influenced by the
commissioner of the modeller. The modeller would often be the external colleague
or partner of the commissioner. In this sense, External and Commissioner are the
other sides of the same coin. In total, this category comprises seven codes, including
for instance ‘Commissioner determines’ (37 quotations) and ‘Requirements for model
study’ (13 quotations). One of the important motivations in this category is ‘Time
available in project’, which the following quote highlights: “Yes, that [calibration re-
quirements] is very much in consultation, so it depends a bit on the effort you’ve put in, so the
total amount of hours versus the timeframe that is there. Often we say: ‘Guys, we have put
in this much effort, everyone has looked at it, the money has run out’ and at that moment it
[the calibration] is simply cut off ". In this quote, they choose to finish the calibration and
continue with the modelling process and accept that this will be the best achievable
calibration in light of financial and time resources. This category share one code with
the Organisational category: ‘Limits costs’.

National — Modelling decisions can also be bounded by national considerations. This
could be national laws that modellers have to adhere to, or the origin of a tool or
method that modellers use. The origin of a tool might ease the use of it, because the
documentation or support might be provided in the modeller’s first language. Addi-
tionally, another motivation example is ‘Generally used’, which means that a particu-
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2.3 | Results and Interpretation

lar method is used across multiple or all organisations in the Netherlands: “I think also
because it is the most used model software within the Dutch hydrological community". This
might have grown organically, as it is easier to compare model studies when using
similar methods, or the various organisations came to an agreement on what to use.

International — This category indicates motivations that are based on international
factors, such as international agreements. This category is the smallest of all, as most
modellers were focused on regional hydrological support modelling. We identified
two types of international aspects that modellers used in their modelling decisions:
first, data sharing, and second, agreements regarding rules for environmental protec-
tion. The first aspect entails water authorities using data from neighbouring countries
(i.e. Belgium or Germany) to obtain more data that is potentially of a higher quality.
This most often applied to forcing data. The second aspect relates to constrictions
imposed by especially the European Union. As an interviewee has highlighted with
regards to European environmental goals that need to be taken into account in the
design of the water system: “And also the goals you want to achieve. So, there are all kinds
of environmental objectives that are imposed from Europe. And how should I say it, extreme is
not the right word... The more ambitious they are, that of course also influences your scenario.
So when they say ‘Oh no you can just have some boring grass’, then you don’t have to heavily
wet that area or anything. But when they say ‘There must be a swamp here and this and that’,
then of course you have to make all kinds of adjustments to raise those groundwater levels.
Those kind of things". This in turn impacts what needs to be modelled.

Consequential — Consequential refers to a choice being (partially) predetermined
because of an earlier choice made, demonstrating path dependency. For example,
within particular modelling software only certain model settings are available. Then
the choice for that software package limits the choices for the settings. For example,
an interviewee mentioned “I think the default value." regarding the choice of the simu-
lation time step. In this case, the interviewee needed to select a maximum temporal
resolution that the model cannot exceed. For this maximum, the interviewee used the
default value provided by the model. Another aspect important in this category is
that parts of the modelling process are executed automatically: the modeller chooses
a tool to automatically perform certain tasks in the modelling procedure, but then the
choices in the automation tool are a consequence of the choice to use that tool.

Some of the interview codes could not be classified in any of these eight categories.
These interview codes pertain to the availability of data or software or technologies,
attributes of certain methods or data or model software, and specifics of the model
study itself. Because the interviews were set up in a generic manner, the interviewees
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Figure 2.2 | Classification of motivations behind modelling decisions in hydrodynamic modelling for
water management. For each motivation-category, one or more examples of specific codes are given.
The number of quotations of the example codes is indicated with circles, which are area-proportional.
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2.3 | Results and Interpretation

specified often that their decisions depended on the goal of the model study, the model
structure used, the project, the study area and the circumstances. The interview codes
‘Based on theory’, ‘Maintenance stops’ and ‘Model stability’ are stand-alone codes.

2.3.2 | Overarching themes

Aside from the eight categories, we have identified two overarching themes within
the interview codes: Vision and Standards. These themes are recurring with distinct
interview codes across several categories. An example are the codes ‘Team vision’
and ‘Vision organisation’, which are respectively classified in categories Team and
Organisational. Both codes relate to vision. Some codes that were not classified in any
of the eight previously introduced categories do relate to either of the themes and are
discussed in this section.

Vision — Vision, as defined by the Cambridge Dictionary, means ‘the ability to ima-
gine how a country, society, industry, etc. could develop in the future and to plan for
this’ (Cambridge Dictionary, 2024b). In our study, we look at vision related to how
the modelling process is shaped and how modelling decisions are made. This vision
is informed by the values an individual modeller, team or organisation holds, and can
also be created in each of these categories. A certain vision can lead to a preference
for a method, however, preferences are not necessarily visionary. An overview of all
codes related to vision and the frequency with which they occur is visualised in Fig-
ure 2.3. Codes related to vision occur in three different categories: Individual, Team
and Organisational. In the Individual category, the vision relates to a single model-
ler’s perception on how the modelling process should be executed. In our study, this
is only visible in three quotations within the code ‘Personal preference’. Only these
three quotations have been visualised in Figure 2.3. In a team, vision is visible by the
team vision they set out. For example, an interviewee said that the team they work
in created a certain vision on which modelling software they wanted to use. They
created this vision because it would be easier to work together and fill in for each
other. Within this vision, the modellers, including the interviewees, work as much as
possible with the model software they determined.

At the organisational level, the organisation creates and prescribes their vision. This
vision can relate to which model software is used, how the model is set up (e.g. 1D
or 2D schematisation), or what data is used. For instance, one of the interviewees
indicated how the vision of a water authority determines which model software is
used. The interviewee follows this vision too, among others because it works well.
This vision was initially formulated by the hydrological modellers and approved by
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Figure 2.3 |Different categories, and examples of codes per category, that all relate to the overarching
theme Vision. This theme indicates that certain modelling decisions are made because they fit a
certainmodelling vision. The circles, which are area-proportional, represent the number of quotations
for a code. The quotations in the Individual category are a subset of the code ‘Personal preference’.

the board. Afterwards, everyone at the water authority carries out this vision.

On top of that, some codes related to vision could not fit in one of the previously
defined categories and are labelled as general vision. These codes include among oth-
ers ‘Simplicity’, ‘Consistency’, ‘Usefulness’ and ‘Efficiency’. Simplicity, for instance,
can mean that a modeller wants to keep the modelling process ‘as simple as pos-
sible, but as complex as necessary’. One of the interviewees described that they as
an organisation require consistency in the results, even when different parties have
generated the results. Some of these general aspects of vision can be ascribed to one
of the eight different categories dependent on the context. For example, a modelling
team can strive for simplicity in its modelling process, because that aligns with their
vision of the modelling process – fitting the Team category. Also, a modeller can value
efficiency and tailor their decisions to that – fitting the Individual category.

Standards — Standards are either a generally accepted method or a level of quality
(Cambridge Dictionary, 2024a). In our study, we refer to standards as: a standard
is a generally-accepted (informal) or prescribed (formal) method or way of working.
The interviews showed that standards are implemented in three different categories:
Organisational, National and International. Most standards that were mentioned were
formally documented. An organisation can have internal standards or generally used
procedures, exemplified in this quote: “There are standard models from which I cut out a
part. Those models have been created once, I do not know how long ago". This interviewee
uses (parts of) the general model to execute their specific modelling study, which is an
informal standard. This quote also highlights a disadvantage of a generally-accepted
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approach or standard procedures: evaluation and updates might not happen regularly
once accepted and trusted.

In the National category, there are several ways in which standards are implemented,
for example based on a national handbook (the Good Modelling Practice guidelines,
see also Chapter 4) or on national laws. An interviewee gave another example: the
different organisations agreed on using particular data. They recorded this agreement
in a guideline. Organisations have to adhere to some international laws as well, for
example as described for the International motivation category, which have to be taken
into account in how the modelling process is executed.

The codes in these three categories – Organisational, National and International –
are the visible aspects of standards, that is the modeller is executing (part of) the
modelling process is aware of them. There are probably also standards in the categor-
ies External and Commissioner. However, this is not visible to the modeller, since the
modeller is an outside party in both cases. Standards could also exist at the team level,
but were not encountered as such in the interviews. Possibly because these standards
have grown more organically or are easier internalised. The use of standards will be
more elaborately explored in Chapter 3 and 4.

2.3.3 | Distribution of categories across different modelling steps

While being cautious in quantifying qualitative data, we identified some patterns
between the eight identified motivation-categories and how often they occurred across
the different steps of the modelling process (Figure 2.4). We analysed how one cat-
egory is divided over all modelling steps (Figure 2.4a) and how all categories are
represented within each modelling step (Figure 2.4b). We have left out the category
International from this part of the analysis, because it only comprised two quotations.

Figure 2.4a shows that, in general, the modeller makes decisions based on their in-
dividual and team motivations during each step of the modelling process. However,
the personal and team motivations are more strongly featured in the modelling steps
related to model implementation – i.e. from modelling step ‘Model set-up’ to ‘Valid-
ation’. These are the modelling decisions in the modeller’s direct sphere of influence
– the aspects a modeller can directly change. The categories Organisational, External,
Commissioner and National, outside the modeller’s direct sphere of influence, feature
more frequently for motivations behind decisions about ‘Model software and Data
selection’. These modelling steps are often formalised in the organisation’s vision or
available infrastructure. The category Consequential is used as motivation across all
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modelling steps. Since most modelling steps are related to each other, it is unsurpris-
ing that this category is a motivation in all modelling steps. However, this category
occurs considerably more in the modelling steps ‘Pre-processing’ and ‘Model set-up’.
For the ‘Model set-up’, this is because this modelling step is partially dependent on
the default settings in the model software. This thus implies that some decisions in
the ‘Model set-up’ are not explicitly made, but a consequence of other decisions made
earlier.

Figure 2.4b depicts the division of the categories within each modelling step, which
can indicate what type of motivation tends to inform a decision in each modelling
step. Figure 2.4b shows a similar general pattern as Figure 2.4a – Individual and Team
motivations inform the modelling steps concerning model implementation, while the
other motivation categories inform the ‘Model software and Data selection’ more.
Still, Figure 2.4b highlights some other details too. For instance, the category External
accounts for about a quarter of the motivations in the modelling step ‘Pre-processing’.
This is in line with how forcing data are retrieved by the modellers: they retrieve
them already pre-processed from the Royal Netherlands Meteorological Institute. This
institute is considered an external partner that executed the pre-processing. It is also
shown that the external partner and commissioner influence the modelling decisions
‘Sensitivity analysis’, ‘Calibration’, ‘Uncertainty analysis’ and ‘Validation’. This can
be explained by the general outsourcing of these steps from water authorities to the
consulting companies due to a higher computational capacity and experience with
these modelling steps available at the latter. In summary, both figures clearly depict
that certain modelling decisions are more likely to be in the modeller’s sphere of
influence than others. The modeller makes decisions in model implementation, but is
often confined in using a particular model or particular data by the organisation or at
the national level.

2.3.4 | Differences in motivations between water authorities and
consulting companies

Another way to divide the motivations is based on where the interviewee worked, a
water authority or a consulting company. The difference in responses between these
two organisations is compared for each category we identified. We perceived no con-
siderable difference for six of the categories: Individual, Team, External, National,
International and Consequential. For the two overarching themes, there was only a
substantial difference for the theme Standards. In Figure 2.5, the average number of
quotations per interview are shown for the categories Organisational, External and
Commissioner and the theme Standards.
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Figure 2.4 | Distribution of motivation-categories across different modelling decisions. a) How the
motivation-categories are divided within each modelling step. b) How one motivation-category is
spread across the modelling steps. The motivation-category International was excluded, because it
only contains two quotations.

The interaction between water authorities and consulting companies can explain the
differences in the average quotations per interview. Water authorities are often the
commissioner of modelling studies, while consulting companies generally execute
(parts of) of the modelling process for a client, in this case the water authorities. In
line with this, the interviewees at the consulting companies more often mentioned
motivations within the Commissioner category. An interviewee at a consulting com-
pany mentioned that the commissioner (i.e. a water authority) would provide the data
in order to ensure consistency between modelling studies within the water authority.
Interviewees from water authorities mention some codes classified in the Commis-
sioner category, because these relate to project management (e.g. ‘Limit costs’ and
‘Time available in the project’). Where the consulting companies adhere to the vision
and requirements of their commissioner, the water authorities define their own vis-
ion and requirements within their organisation. Hence, the water authorities have a
higher average number of quotations in the category Organisational. Still, modellers
at consulting companies are influenced by the organisation they work in, for example
through the organisational infrastructure or internal standards. For the difference in
the category Standards, this has to do with the visibility of the standards. Modellers
at water authorities see the standards their organisation imposes. Modellers at con-
sulting companies generally see the standards that a water authority asks for as, for
example, ‘Determined by commissioner’. We saw this in the individual codes of the
Standards category: the interviewees at water authorities mentioned ‘Standard in or-
ganisation’ substantially more than interviewees at consulting companies. The other
codes were more evenly distributed, because modellers at consulting companies also
adhere to the national standards or have a similar perception that an option is not a

29



output 13th January 2025 7:55 Page 30 �
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

2 | A modeller’s fingerprint

Commis-
sionerExternalOrganisa-

tional Standards
Av

er
ag

e 
qu

ot
at

io
ns

/ i
nt

er
vi

ew

Consulting Companies
Water Authorities

Figure 2.5 | Comparison of motivations between water authorities and consulting companies.

choice (anymore).

We expected that motivations from the External category would be considerably more
frequent for the water authorities, since they outsource some of their modelling. As
said before, the External category represents in some way the other side of Commis-
sioner. However, there is no substantial difference between the water authorities and
the consulting companies in this category. We do see that within this category there is
a difference that aligns with our expectation: the code ‘Executed by external partner’
occurs more frequently for the water authorities than the consulting companies. Water
authorities use consulting companies (their external partner) to execute parts of the
modelling process in the Dutch water governance system. Consulting companies also
use external partners, mainly in data pre-processing. This is why they scored equally
with water authorities in this category.

2.4 | Discussion

2.4.1 | Modeller’s Sphere of Influence

With this study we investigated how hydrodynamic modellers in Dutch water man-
agement make modelling decisions. Other studies have conducted similar work re-
garding the social aspects surrounding modelling, but focused on different aspects.
Our results indicate that most modelling decisions are made at the individual level
(the category Individual had the highest number of interview quotes). This contrasts
the findings of Melsen (2022), who found that most modelling-decisions are made at
the team level. We hypothesise that this can be explained by how the interviewees
conduct their modelling work. Whereas the interviewees from Melsen (2022) worked
mainly in large research teams and concerned themselves more with model develop-
ment and scientific publications, our interviewees worked in smaller modelling teams
and were more involved in model application. This difference in context can explain
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why the individual category is larger in our study compared to the study of Melsen
(2022) and can also explain why different classifications emerged from the data com-
pared to Melsen (2022). Babel et al. (2019) – an interview study about how models are
constructed in various disciplines – also recognised that the team and collaborators
are key actors in model development, which was seen across the different disciplines.
These studies (Babel et al., 2019; Melsen, 2022) highlight team considerations as a main
influence on modelling decisions and within model development.

Other studies, that also include perspectives from government and industry, recog-
nised that individual, team and organisational considerations play a considerable role
in modelling decisions. Fleming (2009) found that non-technical issues – issues related
to the context in which a modelling study is executed – account for 27 % of the reason-
ings in model selection. Within this 27 %, the organisation, costs and standards within
the industry were the top three motivations. This aligns with our results, in which the
national level and the organisation were influential in model selection. Deitrick et al.
(2021) show that ethical values, alongside epistemic ones, are used in making model-
ling decisions. Generally, more epistemic values were mentioned. However, Deitrick
et al. (2021) recognise that their respondents related ‘that values are not something
that they typically reflected upon’. One of our interviewees brought this up as well:
at the end of the interview they expressed that the interview had been insightful for
them too, since they do not have a lot of time for reflection during their day-to-day
tasks. Another interviewee reflected that it used to be possible to trace back a cer-
tain model to an organisation or sometimes even a particular modeller based on its
model structure and settings. This clearly reflects that modellers leave a fingerprint
on their models. Other studies have also shown the modeller’s fingerprint on the
model results (e.g. Holländer et al., 2009, 2014; Krueger et al., 2012; Lahtinen et al.,
2017; Saltelli et al., 2020). All studies show that modelling decisions are within the
modeller’s sphere of influence, meaning that a modeller leaves their fingerprint on
the results.

2.4.2 | Institutionalisation and Internalisation

Even though a modeller leaves a fingerprint on the model result, other factors impact
the modelling decisions too. Melsen (2022) introduces the concepts of institutionalisa-
tion and internalisation. Institutionalisation occurs when a team or organisation takes
up an individual modeller’s method as a general method. Babel et al. (2019) recognise
that ‘methods can be actants in shaping organisations’, which reinforces the concept
of institutionalisation. This shaping is due to the development of certain infrastruc-
ture. Internalisation means that an individual modeller makes the methods used in
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their team or organisation their own. Babel et al. (2019) use the concepts incorporation
and anchoring. Incorporation means that a choice of a certain method is transferred
from one person to another, including the process of making this method your own.
Addor & Melsen (2019) have alluded institutionalisation and internalisation, as well.
They highlight that continuous use of the same model creates a particular ‘modelling
ecosystem’, i.e. institutionalisation. Organisations might be more prescriptive about
model structure and data selection to ensure a baseline for modelling quality. The
modelling outcomes have to be accountable and reliable when used in decision sup-
port.

Internationalisation was not explicitly observed in the interviews of this study but
was hidden in the answers of the interviewees. For example, as described for the
Team motivation category, one of the interviewees stated that they adopted the com-
mon method in their organisation with regards to the retrieval of roughness values.
This interviewee was aware of other alternatives, but found it easiest to adopt this
particular method. An interviewee highlighted internalisation by knowledge being
passed down from one modeller to the next: “On the one hand, that [sensitivity analysis]
is passed down so to say, from hydrologist to hydrologist. And what works is just shared".
Babel et al. (2019) refers to this as embedded social knowledge – knowledge is passed
down and adopted.

Institutionalisation was more visible in our interviews. The creation of standards
within an organisation is a form of institutionalisation. An organisation can formulate
a certain workflow or prescribe the use of certain data. Moreover, the code ‘No longer
a choice’ encompasses the result of institutionalisation: a modeller no longer feels as
if they have a choice because a standard is present in the organisation. An interviewee
indicated that at one point a choice was made and this is now copied by them. This
standard in the institute can be perceived as if there is no longer a choice. Similar to
our code ‘No longer a choice’, Babel et al. (2019) highlighted that for the modellers they
interviewed some decision seemed ‘evident’, either because of popularity, standards,
typical or common use. Internalisation, institutionalisation and modelling decisions
seeming evident imply that motivations are generally applicable to various modellers
or within a discipline.

However, generally-applicable motivations are in contrast with modellers leaving a
fingerprint on the modelling results. Babel et al. (2019) also saw a pattern that inter-
viewees distanced themselves from generalisations. Initially, their interviewees started
with the generalisation ‘Everybody’, which was slowly lessened to their own discipline
and to subgroups within their discipline. We distinguished a similar pattern, where
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our interviewees preluded their answers with ‘It depends on ...’. The aspects it de-
pended on were goal, study area, model structure, situation and project. Other times,
our interviewees referred to a distinct example of when they made a certain modelling
decision. This break-away from generalisations supports the idea of a modeller leav-
ing an individual fingerprint. Even though a modeller can leave a fingerprint, their
sphere of influence and thus the clarity of their fingerprint is bounded by institution-
alised predefined decisions.

2.4.3 | Fit-for-purposeness

The tendency to link motivations to specific circumstances implicitly means that ac-
cording to the interviewees a model should be fit for purpose. A fit-for-purpose frame-
work was developed by Hamilton et al. (2022). They define three requirements for a
modelling study to be fit-for-purpose: Usefulness, Reliability and Feasibility. Each re-
quirement covers a different context, respectively end-user and management, problem
and project context. Hamilton et al. (2022) have indicated multiple key considerations
per requirement. Taking these into account, the motivations from our interviewees
do seem to align with the requirements (as indicated in Appendix of Chapter 2). For
example, Usefulness covers among others codes related to ‘Depends on ...’ and the
category Commissioner. Reliability is seen in the codes ‘Hydrological knowledge /
processes’, ‘Logic’ and ‘Testing’. The codes ‘Limit costs’, ‘Available time in project’
and ‘Personal experience’ are represented by the requirement Feasability. This sug-
gests that modelling in the Dutch water governance system seems to align with this
fit-for-purpose framework. However, the codes from our interviews mainly fall in
the Feasibility requirement (866 quotations, compared to 340 for Usefulness and 283
for Reliability), while in the fit-for-purpose framework it is recommended that the
motivations are more balanced across the three requirements (Hamilton et al., 2022).

In the context of model usage for decision support, which require fit-for-purposeness,
the interaction between the modeller and the decision maker is relevant. Just as mod-
ellers have their own values about, perspectives on and expectations of models, so
do decision makers and other stakeholders (Borowski & Hare, 2007; Deitrick et al.,
2021; Hamilton et al., 2019; van Voorn et al., 2016). We did not cover this aspect in
our interviews, however, our interviewees did address this sometimes. Some inter-
viewees mentioned that they did not perform an uncertainty analysis, partly because
they experienced previously that decision makers did not know how to handle un-
certainty ranges in their decision making. Yet, addressing model uncertainty is part
of the reliability requirement of the fit-for-purpose framework. Therefore, creating
fit-for-purpose models should be a joint effort of all stakeholders, in which they will
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carve their modelling path together.

The interaction between stakeholders is necessary before, during and after the mod-
elling process. However, certain intentions might not be realised. The realisation of
a modelling study can be described as a path, on which multiple decisions are made
at forks. The interaction between stakeholders can ease the retracing of the modelling
steps if necessary (Lahtinen et al., 2017). The retracing is based on checkpoints, peer
review and other forms of evaluation. Lahtinen et al. (2017) provide specific recom-
mendations. Still, as one of our interviewees indicated, evaluations are currently not
formally executed on a regular basis, especially during crisis situations. They men-
tioned that during the modelling study not enough time and funding is available to
execute evaluations. Also, the time for evaluation is after a crisis, but even then it
is not often executed due to other pressing matters. In the Australian example, also
a crisis situation, they did adapt the operators manual, so future situations would
be handled differently (Supreme Court of New South Wales, 2021). This does show
hindsight evaluation. With evaluation in place, a perfect modelling path is not guar-
anteed, however, following a poor path can be avoided (Lahtinen et al., 2017). Our
interviewees seemed to be willing to have a more adaptive modelling approach. To
put these evaluations in place requires commitment from modellers to be as transpar-
ent as possible, from decision makers to have the conversation about uncertainty, from
the commissioner to provide the infrastructure and from stakeholders to be willing to
engage throughout the modelling study.

2.5 | Conclusion

In this study, we explored motivations behind modelling decisions for hydrodynamic
decision-support modellers in the Netherlands. We conducted fourteen interviews
with modellers from water authorities and consulting companies. Afterwards, we ex-
ecuted an inductive content analysis on the transcripts. The analysis lead to a classific-
ation of modelling decision motivations with eight categories: motivations based on
individual considerations, team considerations, the organisational level, external in-
puts, the commissioner’s requirements, the national level, the international level and
consequential effects. Additionally, two overarching themes were identified: Vision
and Standards. Furthermore, we evaluated which category of motivations dominated
for different modelling steps. On top of that, we looked at differences in modelling
motivations between modellers from water authorities and from consulting compan-
ies.
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2.5 | Conclusion

Our results indicate that most modelling decisions are made at the individual level
(the category Individual had the highest number of interview quotes). Mainly de-
cisions related to model implementation are within the modeller’s sphere of influence
– the aspects an individual can (in)directly change. This is where the modeller can
leave a fingerprint: one interviewee indicated they were able to recognise which mod-
eller created a certain model schematisation. Most of the model software and data
selection is based on motivations in the categories Organisational, External, Commis-
sioner and National. These aspects tend to be outside the modeller’s direct sphere
of influence. Still, modellers do see that modelling decisions depend on the context
of the modelling study, implying that a model should be fit-for-purpose. The motiv-
ations in our case study seem to align with the requirements (Usefulness, Reliability
and Feasibility) of fit-for-purpose, but in our case, feasibility seemed to be more of an
argument than reliability and usefulness. This means that other factors, such as in-
stitutionalised predefined decisions, limit the modeller’s sphere of influence and thus
the sharpness of their fingerprint
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Abstract

Use of models in decision making, for example in water management, requires
confidence in the model and its outputs. Since choices in model setup af-

fect model output, this confidence is affected by the modellers’ professional judge-
ment. Computer programmers can use their expertise in coding to standardise
some of the tasks associated with computational modelling. Therefore, centralised
automation has the potential to ensure quality of modelling decisions. Since it is
the modeller that makes the choices in the model set-up, it is important to un-
derstand how modellers perceive automation. To explore their perspectives, we
conducted fourteen interviews with modellers at water authorities and consulting
companies in the Netherlands. The transcripts were analysed through deduct-
ive and inductive content analysis. Our study reveals that automated modelling
processes can improve efficiency, transparency and consistency, but only if cer-
tain requirements are met, such as good documentation, clear ownership, adequate
maintenance and frequent evaluation. Therefore, managing the risks and benefits
of automation requires balancing the power between modellers and programmers.

“But it is his way.
One man’s style must not be the rule of another’s.”

—Jane Austen, Emma (1816)

38



3333333

output 13th January 2025 7:55 Page 39 �
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

3.1 | Introduction

3.1 | Introduction

As already elaborately discussed in Chapter 1 and 2, models are increasingly
used in many diverse disciplines (Eyring et al., 2019; Garner & Hamilton, 2011;

Schmolke et al., 2010) and for a wide range of applications. Besides their academic
use, model results also support decision making. The decisions informed by models
can have major effects on people, increasing or decreasing the risk of damages or loss
of life. Therefore, it is important that people have confidence in the model and the
outputs that serve as the basis for decision making.

Modellers influence the modelling process through the decisions they make in setting
up the model. Their influence includes questions of value, matters of fact, ease of
use and uncertainty (Babel et al., 2019; Lim et al., 2023; Melsen, 2022; Voinov et al.,
2018). Some examples of modelling decisions, as defined in Chapter 2, throughout
the modelling process are given in Figure 3.1. Examples of specific decisions made are
the parameter value of the levee height or model boundary and resolution choices,
such as the grid size. With each modelling decision made, a path is created behind
each model result (Glynn et al., 2017; Lahtinen et al., 2017; Melsen, 2022; Moallemi
et al., 2020; Polhill & Edmonds, 2007), meaning that it is crucial to consider how and
in which context the model is used.

Technologies, including models, contribute to shaping the context and modelling de-
cisions made (Verbeek, 2008; Latour, 1990; Melsen et al., 2018b). Take this example: a
choice in a model was hardcoded by a colleague years ago. Another modeller uses this
model later and subsequently relies on the method implemented by their colleague.
This influences their future options within the modelling process, for example, by
having constraints on the spatial resolution they can choose. Conceptual representa-
tions and particularly software suites are created for specific purposes, meaning that
care must be exercised when models are use in new domains or for new purposes.
(Hamilton et al., 2022; Beven, 2000). As such, which model is chosen and how it is
used by the modeller is important.

The responsibility that comes with the use of models consists of setting up models
based on several key principles: appropriateness and transferability, reproducibility
and transparency (Crout et al., 2008; Zurell et al., 2020). Appropriateness and trans-
ferability refer to the potential of a model to function well in novel situations. This is
directly linked to the purpose of the model: often models have better transferability
only within a specific purpose for which they were created. Therefore, it is important
to delineate and communicate the model’s purpose (Werkowska et al., 2017). Repro-
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3 | A modeller’s perspective on automation

ducibility refers to the capacity for another person, team or organisation to redo the
modelling done by someone else (Gundersen, 2021; Schwarz et al., 2020) without lead-
ing to unforeseen or unsolvable errors or differences, and ideally, resulting in identical
model outputs. Transparency refers to the interpretability and understandability of
the modelling process, including but not limited to communication of assumptions,
uncertainties and motivations underlying modelling decisions. Transparent modelling
reveals the path behind the modelling results, which involves values and biases. The
implementation of these principles in modelling for decision making contribute to jus-
tifying model results and their trustworthiness (Wang et al., 2023). For the practical
implementation of these principles, different approaches can be used.

Standardisation, as defined in Chapter 1, is one approach to justify the model setup
and use (Jakeman et al., 2006). Standardisation can streamline the modelling process,
increasing efficiency, reproducibility and transparency (Howard & Björk, 2008; Müller
et al., 2014; Schmolke et al., 2010). It can also create consistency between modelling
studies (Müller et al., 2014; Vrontis, 2003). This facilitates the possibilities for model
evaluation through intercomparison. However, standardisation also decreases flexib-
ility, for example, by preventing a model’s capacity to capture regional differences. By
definition standardisation depends on the acceptance of a single perspective on how
a system should be represented, which could lead to path dependence (Wears, 2015).
Standardisation can also result in reduced innovation (Mir & Casadesús, 2011). How
the standardisation is implemented affects how and which advantages and disadvant-
ages will surface. Furthermore, the standardisation’s implementation and the model
purpose influence whether the advantages outweigh the disadvantages of standard-
isation.

The implementation of standardisation can vary widely, ranging from voluntary meth-
ods to more prescriptive methods. An example of a voluntary method is the creation
and use of guidelines, such as the ‘Good Modelling Practice’ handbook in the Nether-
lands (van Waveren et al., 1999, , see also Chapter 4), the Australian Groundwater
Modelling Guidelines (Barnett et al., 2012) or the Traffic Modelling Guidelines for the
UK (Beeston et al., 2021). More restrictive methods include incorporating modelling
requirements into law (Fan et al., 2018) or issuing certifications for adhering to certain
practices (Balci, 2001; Sampaio et al., 2011). Any of these standardisation methods
might include the automation of the modelling procedure.

Automation is a broad term that can be defined in multiple ways. Because we are par-
ticularly interested in the execution of computational models, in this study, we define
automation of the modelling process as the replacement of manual modelling decisions

40



33333333

output 13th January 2025 7:55 Page 41 �
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

3.1 | Introduction

with a computer programming script that executes those decisions without human in-
tervention. Automation in this sense is frequently used in the pre-processing of data
and in calibration procedures. If programmed well, automation decreases the chance
of human error. Automation also increases modellers’ efficiency, by reducing their
cognitive load (Lewis et al., 2018).

Select 
software

Assess and 
process data

Schematise 
model

Calibrate 
model

Validate 
model

Assess 
uncertainty

Run 
simulation

• Sobek?
• D-Hydro?
• Tygron?
• 3DI?

• Check quality?
• Interpolation?
• Convert for 

model?

• Manually?
• Parameters?
• Start with Man-

nings coeffi-
cient?

• 1D? 2D?
• Include which 

channels?
• Include which 

infrastructure?

• Which data?
• Are data availa-

ble?
• Manually?

• Estimation?
• What type of 

uncertainty?

• Press start

Results inform 
decision-
making

Figure 3.1 | Simplified representation of the modelling process. Each rectangle is a modelling step,
in which multiple modelling decisions can be made. Below each step, we mention some examples
of modelling decisions that the modellers that we interviewed encounter in their modelling work.
Automation of the modelling process refers in our study to all step except ‘Select so�ware’, because
this step was o�en not in the sphere of influence of the interviewed modellers. A�er the simulation
is run, the results are used to inform decision making by the decision maker, which is o�en another
person than the modellers themselves. This last aspect is not part of this study. This representation
of modelling steps is based on Figure 1 in Refsgaard et al. (2007).

Automation introduces a paradox. Initially, because automation requires explicit rep-
resentation through computer scripting, transparency of the modelling process may be
increased—the steps being automated need to be made explicit, and rationales for the
automation need to be made clear to programmers. Yet, over time, automation can
also obfuscate the underlying processes if certain requirements, such as document-
ation of the automation procedure, are not met. Also, automation removes decision
power from the modellers, shifting this power to the person or group that develops the
automation script – i.e. ‘the programmer’ (note that one person can embody both roles
at different moments in time). Even though automation is always a form of standard-
isation, we refer to standardisation as a way for decision makers to control the quality
of modelling studies and their underlying modelling decisions. Since modellers are
subject matter experts that make the modelling decisions and shape the model results,
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3 | A modeller’s perspective on automation

it is important to understand how they perceive the trade-offs between potential effi-
ciency and transparency gains and shifts in power that may be associated with the act
of automation. Figure 3.1 depicts stages of the modelling process that might include
automation that we will examine in this paper (all steps except ‘Select software’).

In this study, we explore modellers’ perceptions on automation with a case study
of decision-support hydrodynamic modelling in the Netherlands. We conducted four-
teen interviews with modellers working at Dutch water authorities or consulting com-
panies that participated in a project that included automation of modelling decisions.

3.2 | Methods

3.2.1 | Case Study

Section 2.2.1 provides a detailed description of the case study used also in this chapter.
Figure 3.2 demonstrates a common distribution of tasks between water authorities and
consulting companies based on the interviews for this study. In this study, we focus on
automation developed and used by local water authorities and consulting companies.

Data

Cali-
bration

Schema-
tisation

Vali-
dation

Model
Software

Model
Use Results

Make
cut-out

Update
Data

Run
Model

= Research Institutes

= Consulting Companies

= Local Water Authorities

Results inform 
decision-
making

Figure3.2 |Representation of a generalmodelling process for decision support inmanaging theDutch
river systems. It depicts the frequently observed roles in Dutch water management. Local water au-
thorities, consulting companies and research institutes execute different modelling steps. In this
study, we focus on the local water authorities and consulting companies, because our interviewees, at
the time, worked at either one of these organisations. The process might look different depending on
context and vision of the organisations involved. Furthermore, the process o�en involves an iterative
procedure (not indicated for clarity).
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Over the last decades, most water authorities used the same model software for
rainfall-runoff processes, 1D open and closed hydrodynamics and 2D overland flow:
SOBEK (Deltares, 2023d; Stelling & Duinmeijer, 2003). Automation scripts to set up
and use SOBEK already existed locally and were partly incorporated in the model soft-
ware. A new modelling suite, D-HYDRO Suite 1D2D (Deltares, 2023a), is developed,
eventually leading to the discontinuation of updates of SOBEK. This instigated the
transition to D-HYDRO for many of the water authorities. An important development
in tandem is the HyDAMO dataframework, a shared data structure for the water au-
thorities (Nederlands Hydrologisch Instrumentarium, SA). The switch to D-HYDRO
is accompanied with an effort to centralise and unify already existing automation
scripts scattered around different companies and organisations to facilitate the mod-
elling process and stimulate the transition to D-HYDRO.

Centralising and extending the existing automation scripts was the goal of the HY-
DROLIB project, led by Deltares (Deltares, 2023b). This project was funded by a
public-private partnership, which grants funding to consortia focusing on obtaining
knowledge and innovation (a so-called TKI-project). Within this project, automation
scripts from participating organisations are adapted for general usage and new scripts
are developed and stored in a central public library, see Deltares (2023c). These auto-
mation scripts tackle different aspects of pre- and post-processing in the modelling
process. The project also consisted of testing the scripts, mainly done by water au-
thorities, and organising workshops for modellers to familiarise themselves with the
automation scripts. These workshops were co-organised by the organisations that de-
veloped the automation scripts (the consulting companies and Deltares). The project
ran for two years and finished in 2022.

The project results were picked up further in 2023, when the organisation behind the
Netherlands Hydrological Instrument – a collection of data sets, model codes, tools
and models to describe and simulate the full hydrological cycle in the Netherlands
– organised HYDROLIB community meetings and joint script-developing working
days. Additional functionality was added by several of the partners. The Netherlands
Hydrological Instrument organisation has also commissioned ‘review’ training, where
colleagues from different organisations will gain the knowledge to review additions or
changes to automation scripts. Model code contributions require review before being
added to the HYDROLIB code repository with the aim to assure quality standards.
Hydrodynamic model generation for international applications is being implemen-
ted in 2023, building upon the general framework of HydroMT for automated and
reproducible model building and analysis (Eilander et al., 2023).
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3 | A modeller’s perspective on automation

3.2.2 | Interviewee selection and interviews

To explore the Dutch modeller’s perspective on automation, we conducted interviews
with modellers at the water authorities and consulting companies that participated in
the HYDROLIB project. The interviewees, the same as in Chapter 2, were selected
through convenience and snowball sampling. Most of the interviewees participated
in the HYDROLIB project and might, therefore, be at the forefront of taking up new
developments in modelling - or at least they are open to that. Therefore, we expect
that they have a more positive outlook on automation than other modellers might
have, which might bias our sample.

The fourteen semi-structured interviews were conducted between September and
December 2021. The interviewees gave their informed consent at the beginning of
the interviews. The interview guide is included in Appendix General. For the ana-
lysis in this chapter, we used a different part of the interview transcripts, also used in
Chapter 2.

3.2.3 | Theoretical background

Part of our content analysis was based on the issues and best practices of automation
derived from literature by Pagano et al. (2016). They described three issues and seven
best practices for automation. They obtained their findings from other disciplines,
such as meteorology, but apply these to automation in hydrology.

The three issues identified by Pagano et al. (2016) are: changes in the modelling pro-
cess, in people’s behaviour, and in the perception of the model’s trustworthiness. First,
modelling processes change due to automation, which may require the modeller to
assume a different role or execute tasks not part of their expertise. Commonly, the
first aspects that are automated are the most-easily automated tasks, such as data
preparation. At some point, this leaves tasks that may not suit the modeller’s expert-
ise, which were previously done by someone else or not at all. Second, automation
changes people’s behaviour. Automation transfers the source of human error from
the modeller to the programmer of the automation script. For example, inconsistent
assumptions can be recorded in an automation script by the programmer. This trans-
fer of errors can influence what a modeller communicates. For example, when the
automatic system does not indicate that a warning should be issued, but the modeller
estimates differently, what should the modeller communicate? If the modeller does
issue a warning, they might have less ground to stand on depending on the opera-
tional protocol. Third, the perception of the trustworthiness of a model might not be
accurate, e.g. due to a persistent first impression that is no longer valid. A modeller
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can perpetuate this first impression by recommending or dissuading the use of certain
automation scripts. The issues with automation that were identified by Pagano et al.
(2016) present themselves at different moments in the automation process. Since the
case study we explore started recently, some issues cannot yet be observed.

Besides the three issues described by Pagano et al. (2016), they also derived seven best
practices from meteorology. We focus on five of the seven best practices, because these
centre on the link between modeller and automation. The other two best practices,
‘Use automation to quality-control and ingest data’ and ‘Use well-designed forecasting
interfaces’, cover which aspects are most suitable to automate and how the automation
should be designed, not the interaction between the modeller and the automation
procedure. The five best practices we explore in this study that Pagano et al. (2016)
suggest for the modeller are:

• Have transparent systems — A modeller should be able to retrace the different
steps done by the automation procedure, such as intermediate results.

• No peeking at the answer — A modeller should give an estimation of the ex-
pected outcome before analysing the automated output. This creates better un-
derstanding of the results and makes the modeller more critical of the results
from the automation.

• Evaluate your results — Evaluation of the automated output is crucial for im-
proving the automation procedure itself. This should be done in a constructive
and structured manner.

• Never stop learning the science — A modeller must keep learning the under-
lying science behind the modelling. This expertise will help the modeller in
evaluating the automated results. This cannot be learned from modelling itself.

• Redefine your role — The role of the modeller might have to be redefined. As
the modelling process will become less time consuming for the modeller due to
automation, this might give the modeller more time for other tasks. However,
this requires a different expertise, which might lead to the modeller being more
removed from the modelling itself. This can reduce the modeller’s ability to
interpret and understand the results.

3.2.4 | Content Analysis

The transcripts were analysed in ATLAS.ti, version 9 (ATLAS.ti Scientific Software
Development GmbH, 2022), through deductive and inductive content analysis.
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3 | A modeller’s perspective on automation

Deductive content analysis — The deductive content analysis is based on the issues
and best practices described by Pagano et al. (2016) (Appendix of Chapter 3A). Each
issue and best practice was subdivided into several interview codes, resulting in 18
predetermined interview codes. This was directly based on the text in Pagano et al.
(2016). For example, the best practice ‘Evaluate your results’ was subdivided in the
interview codes: ‘Evaluation’, ‘Evaluation decrease’ and ‘Evaluation increase’. ‘Eval-
uation’ covers anything that is related to evaluation of the scripts. The other two
relate to how the evaluation develops over time. ‘Evaluation increase’ meaning more
in-depth evaluation over time and ‘Evaluation decrease’ less.

Inductive content analysis — To supplement the predetermined codes of the deduct-
ive analysis an additional set of 89 interview codes (see Appendix of Chapter 3B) were
developed through grounded theory in a first round of coding. These interview codes
were divided over seven code groups, indicated in this appendix (column ‘Group’).
We were not able to group all codes, so seven codes were added to the ‘Miscellaneous’
group.

3.3 | Results and Discussion

First, we describe the findings related to the different levels of automation develop-
ment and uniform use (results of inductive analysis). Second, we relate the results
to the theoretical framework of Pagano et al. (2016) (results of the deductive content
analysis). Finally, we discuss the different roles of water authorities and consulting
companies and how this influences automation perception (results of inductive con-
tent analysis).

3.3.1 | Social levels of automation practice as standardisation procedure

The HYDROLIB project is about gathering and centralising automation scripts. The
uniform application of these scripts contributes to increasing standardisation at the
(inter-)organisational automation level. As such, this standardisation not only serves
the purpose of increased efficiency for the modeller, but also as a way of quality
assurance for decision makers (provided that certain implementation requirements
are met - as will be discussed in this section).

The social levels of automation practice, presented in this section, are not necessarily
directly related to the quality of the automation, but the scale is relevant to evaluate the
usefulness of automation as a standardisation procedure. We will refer to these social
levels of automation practice as automation levels. From the interviews it became
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3.3 | Results and Discussion

clear that automation scripts already exist at several ‘automation levels’. Based on
that, we identified four levels at which automation is uniformly applied: Individual,
Team, Organisational and Inter-organisational.

Individual — Any modeller will write an automation script at a given moment to
create a more efficient and consistent workflow for themselves. This is often done for
repetitive tasks that are cumbersome to execute manually and easy to automate. The
scripts are built quickly, often having little to no documentation. For example, one
respondent described their process as existing “only on ad hoc basis at the moment that
someone needs data for a part of the area. That would be executed with Excel-files that only
the person who worked with it would understand”. The modeller is responsible for the
development and implementation of their own scripts. Different modellers can create
similar scripts, resulting in overlapping tools and inefficiency from the organisation’s
perspective. Another interviewee said it is sometimes more efficient to create your
own script than to ask around if someone already has a script and figuring out how
that script works. Here, the interviewee showed how a modeller considers the effort
both options would take to make the choice to develop their own script. Of course, this
would only be possible if a modeller has the capacity and knowledge to develop a new
script. Evaluation happens ad hoc. At this level, the generalisable lesson learned is
that automation as standardisation creates more efficiency for the individual modeller,
but not necessarily more transparency and reproducibility between modellers in the
modelling process, nor quality assurance for the decision makers. There is, however, a
high level of agency for the individual modeller, flexibility to adapt the procedure and
different approaches to the same task can provide insights in uncertainty introduced
by choosing a particular method.

Team — Within a team, automation scripts can be created for common use. At this
level, each individual maintains a degree of agency – the capacity to make their own
decisions and be responsible for them. The scripts are developed and evaluated or-
ganically. Whenever a bug or a potential improvement is encountered, the script is
adapted. The script often originates at the individual level, but has been proven to
be useful for more than just one individual. Scripts are often used multiple times or
as starting point for a specific application. Similarly to the individual level, evalu-
ation happens impromptu and documentation is added only if necessary, but asking
colleagues for help or explanation is easy. So in general, on the team level, standard-
isation in the form of automation results in more efficiency and collaboration between
colleagues. However, this standardisation does not automatically result in more trans-
parency as colleagues can easily ask each other for needed explanations instead of
writing documentation.
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Organisational — At the organisational level, scripts are required to be more general-
ised for internal use. Documentation is often added. In one example, an organisation
established a monthly hackathon, in which an individual or team script was gener-
alised for everyone to use. Such a hackaton or some other (formalised) approach or
initiative is necessary to move a script from the Individual to the Organisational level.
The organisation benefits because it can streamline its overall modelling and automa-
tion efforts. However, organisations can also encounter variation in approaches and
the challenge of inter-operability between departments. This raises the question which
method should be used and if an organisation-wide script is feasible and desirable.
This is dependent on how this process is set up and how everyone is included in it.
One approach raised by interviewees was that organisations established new processes
for script development, for example the hackaton in the interviewee’s organisations.
This also raises issues about how evaluation of scripts would be handled. The eval-
uation of the automation scripts was dependent on how the scripts were developed
and the vision and resources of the programmers. If scripts are developed for a com-
mercial purpose, i.e. delivering a paid service to others, the organisation will have a
financial incentive to maintain them, at least as long as the service is required. If the
scripts are open-source, there is still the incentive to provide a good service, but the
evaluation might also be partly the user’s responsibility subject to the programmer’s
vision. For instance, Mer et al. (2020) recognise that in open-source modelling the
documentation might become more fragmented due to the user’s own responsibility.
As such, it will partially depend on how willing and able individual modellers are
in contributing to the evaluation and further development of a script. In summary,
efficiency does increase in general with automation at the organisational level and
there is potential for more transparency and reproducibility on this automation level.
If automation is implemented properly with attention to maintenance, evaluation and
documentation, this potential can be realised and contribute to standardisation and to
quality assurance for decision makers.

Inter-organisational — Sometimes, different organisations each bring their own mod-
elling culture, methods and scripts to coordinate inter-organisational automation ef-
forts, such as HYDROLIB. In this circumstance, each organisation has to be open to
a certain flexibility in their way of working, relinquishing some of their agency. Or-
ganisations involved in an inter-organisational initiative have to relay the outcomes of
collaboration to their own modellers and programmers. These new or adapted tools
might be in contradiction with what modellers are familiar with, meaning that the
modellers might need time and incentive to adopt it. Bringing together these different
scripts presents distinct challenges. For example, one interviewee stated, “[when] steer-
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ing towards automation, ... the Waterschaphuis [Dutch governmental institution assisting all
water authorities] [is] run[ing] into these problems, [for example,] within a water author-
ity, [there] are problems of data formatting not align[ning] with what the hydrologist wants".
The organiser of this effort also has to ensure that the automation is interoperable.
This pertains to among others operating systems, programming languages, data shar-
ing and computer capacity to run the scripts. The generalisable lesson learned is that
automation at the inter-organisational level does motivate to unify data, enhancing the
ease of data implementation and sharing. As such, automation as means of standard-
isation at this level can contribute to quality assurance for the decision maker through
improved transparency, reproducibility and concistency. However, this does require
the automation script to have, among others, documentation and an evaluation plan.

Figure 3.3 summarises the effects of standardisation across the different social levels
of automation that emerged from our interviews.

Individual Team Organisational Inter-
Organisational

Standardisation

• Documentation
• Evaluation
• Interoperability
• Maintenance
• Ownership
• ....

Requires:
Consistency

Efficiency
Reproducibility

TransparencyAgency of modeller
Flexibility
Insight in uncertainty

Figure 3.3 | Depiction of change in the effects of standardisation when scripts move between levels
at which automation is uniformly applied. Standardisation in this instance refers to ensuring quality
assurance. These changes in effects of standardisation are from the (inter-)organisational perspective.
On the side the requirements for standardisation are shown in order to achieve the effects.

As automation scripts are developed further, progressing from Individual to Inter-
organisational level, the modelling process is slowly standardised to ensure quality for
decision makers due to more reproducible and transparent modelling. This does ne-
cessitate among others documentation, evaluation, determined ownership and main-
tenance of the automation scripts. If these requirements are not met, the automation,
as a standardisation method for quality assurance, loses its value. For example, cent-
ralised scripts from the (Inter-)organisational level can also be further developed at
the Individual or Team level without feeding this back to the (Inter-)organisational
level. This leads to decreased standardisation from an (inter-)organisational perspect-
ive. Additionally, automation at the (Inter-)organisational level may decrease insight
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3 | A modeller’s perspective on automation

into uncertainty, because it suppresses different methodological choices, and the free-
dom of the modeller to make choices. Therefore, modellers should maintain a good
understanding of the hydrological system and the automation choices for the inter-
pretation and evaluation of the results (Pagano et al., 2016; Woods & Sarter, 2000).

3.3.2 | Results based on Pagano’s theoretical framework

Based on the interview codes informed by Pagano et al. (2016), two common topics
were identified when analysing the interviews:

What is automated? — At the time of the interviews, mainly less complex components
of the modelling process are automated within the Dutch hydrological community, at
the individual, team and sometimes organisational level. The execution of modelling
decisions (i.e. the choices made throughout the modelling process by the modeller) is
automated, not yet the actual choices themselves. For example, the data importation
into the model is automated, but which data and how is still determined by the mod-
eller themselves. As such, the transfer of modelling decisions to the automation script
does not occur frequently, according to the interviewed modellers. Still, the mod-
ellers are aware of giving power to the programmer when modelling decisions are
automated beyond the individual level for purposes of standardisation. The modeller
loses insight into the modelling decisions made by the programmer, which would also
increase the difficulty to question and examine the assumptions behind the modelling
results. Because of the loss of insight, modellers are hesitant to adopt automation at
the (Inter-)organisational level, because they have to relinquish their own modelling
decision power. For example, one interviewee stated, “I, myself, would like to keep in-
fluence on that. But there will undoubtedly also be many people that just say ‘Yes, it can
be automated’. I want to know to some extent what the consequences are of the modelling
decisions.". Programmers, on the other hand, will receive more agency. The trade-off
in agency affects how automation is perceived and illustrates the potential reduction
in the modeller’s responsibility as a consequence of increased automation (Limerick
et al., 2014).

Convenience and efficiency are important factors to consider in Organisational or
Inter-organisational level automation, even though this might lead to less transpar-
ency. For example, an interviewee stated, “For ease of use, I would say yes, but I do think
that you lose insight into certain [modelling] decisions.". Decreased transparency can also
result in a lower degree of interoperability of the automation scripts, especially if the
effort is not made to understand the metadata. Multiple interviewees indicated that
they would not read texts of tens or hundreds of pages long.
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3.3 | Results and Discussion

Besides a general loss of insight into the process, the loss of insight might vary per
modeller, because each modeller has their own expertise with which they can un-
derstand and use the automation scripts. The sense of loss of understanding may
also depend on the purpose of the modelling study, the resources available and the
experience of the modeller themselves.

Appreciated practices by modellers — The interviewees mentioned several practices
that they would appreciate and which would enhance the use and acceptance of cent-
ralised automation. First, transparency of the automation system is key, just as Pagano
et al. (2016) mention in their best practices. This would also increase the ability to gain
insight into the assumptions behind the automation. Transparency could be facilitated
in many ways. One possibility mentioned by an interviewee would be to create an
automatic log file of all the modelling decisions made with the automation. However,
the log file is created at the end, which might not be used or read by the modeller.
This renders the log file to be a silent form of communication between automation
and modeller. Another option provided by an interviewee was creating pop-ups of
characteristics of the automation when a modeller is using the automation. For in-
stance, a pop-up might provide the limitations of a part of the model software if it
is used or not. Carver & Turoff (2007) argue that an automation system should not
be silent. This is also mentioned by Woods & Sarter (2000), who stress that people
and technology are dependent on each other. This reinforces the idea of creating
pop-ups or an equivalent. Yet, pop-ups would disrupt the modeller’s work they do
simultaneously to the automation, which affects their behaviour, for instance experi-
encing stress or impacting their performance (McFarlane & Latorella, 2002). Though
McFarlane & Latorella (2002) do recognise human’s ability to handle these interrup-
tions, this depends on the extent to which the interruptions divert, distract, disturb
and disrupt the current task. Besides, with pop-ups, modellers might just click ‘OK’
without actually reading or considering the message. Another suggestion was that a
slow build-up of the automation system would improve the automation’s acceptance.
First one aspect is automated, once modellers are familiar with this, a next aspect is
automated. The slow build-up ensures that modellers can familiarise themselves with
the whole system, leading to better understanding and acceptance of the automation.
For the modellers, this will enhance their understanding of the system, which Pagano
et al. (2016) recommends. The slow build-up also applies to getting their superiors
on board, for example, an interviewee stated, “How much time will you invest [in the
script] the first time? And how certain is it that we will use it again? So, even though as a
modeller you think you truly need this, often you have to convince your director that it is truly
necessary despite the initial high costs.".
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3 | A modeller’s perspective on automation

Translating this to the inter-organisational level requires clear communication to the
potential users of the automation script regarding the features of the automation,
also recognised by Calder et al. (2018). During and after the script development, this
means having good documentation, even though it might be time-consuming (Polhill
& Edmonds, 2007) and the documentation has to be fit for purpose (Müller et al.,
2014). However, it is not taken into account whether the documentation is read and
used or not. Aside from the documentation, a central point for questions or comments
can be implemented to enhance communication. Also, including users in the design
or testing process will enhance their acceptance and use of the script, as they can
familiarise themselves while it is being developed. Afterwards, they can take their
gained knowledge to their own organisation. Lastly, the interviewees prefer to use
automation as a method to advise or inform them. For example, an automation script
can indicate if an issue occurs between your spatial and temporal resolution. After
this, the modeller can make a modelling decision about what to change. Or, as an
interviewee indicated, a modeller can be given advise by the automation tool as to
what the best temporal resolution is.

Because the efforts to centralise automation scripts at the inter-organisational level are
still ongoing, not all interview codes based on the theoretical concepts were applicable
in the content analysis. Some interview codes, such as ‘Redefining the modellers role’
or ‘Different skills / knowledge obtained by the modeller’, were not used because
not enough time has passed to observe these changes. The same is the case for the
interview codes related to the accuracy of the automation’s perceived trustworthiness.
For these interview codes, it might also matter that some modellers were involved
in the development or testing of automation scripts, which results in a different first
impression.

3.3.3 | Interaction between Water Authorities and Consulting Companies

The interviews showed that the roles of the water authorities, consulting compan-
ies and research institutes propagate into the modeller’s perceptions on automation,
resulting in differences between the water authorities and consulting companies. A
modeller at a water authority more easily accepts automation in any of the steps
executed by a consulting company since they already transferred this modelling de-
cision to an external partner. For example, if a water authority used data provided by
a research institute, the pre-processing of these data is already done by the research
institute. Then, as an interviewee stated, “I just assume that this [automation of pre-
processing] already happens at the research institute. Again another assumption, I don’t know
what exactly happens there.". Even though the modelling step is executed by an external
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3.4 | Reflections and implications

partner, it is still desirable to have transparency and reproducibility. Automation at a
(Inter-)organisational level can accommodate this.

Often, similar organisations execute specific parts of the modelling process, e.g. con-
sulting companies tend to execute the calibration and model schematisation steps.
Because each organisation is responsible for different modelling steps, it is generally
expected that automating certain steps is the responsibility of the organisation that
executes it. For instance, automating data pre-processing is the perceived responsibil-
ity of the water authorities or research organisations, according to an interviewee at a
consulting company.

The general division of these modelling steps between water authority, consulting
company and research institute is due to the availability of resources, such as com-
putational power, expertise, staff and funding. Consulting companies generally have
more resources than water authorities, especially computational power, but also ex-
perience and expertise, to execute calibration, model set-up and validation. Because
of the resources needed to automate, water authorities, consulting companies and
research institutes need to consider if automation is worthwhile.

3.4 | Reflections and implications

The expectation is that standardisation will result in higher consistency between mod-
elling studies and more transparency. But, achieving these outcomes depends on
its documentation, evaluation and maintenance. Consistency and transparency in
the modelling process are considered important for model results to be useful in a
decision-making context (Watson, 2005). If transparency and consistency are achieved,
then decision makers have an improved foundation for their decisions, even though
the model results are only one part of their considerations (Calder et al., 2018; Watson,
2005). However, our results indicate that the interaction between automation and its
usage might affect the transparency and consistency achieved through standardisation
for quality assurance.

There are also other approaches to achieve more transparency, for instance through
creating records of engagement and decision making (Cockerill et al., 2019) or audits.
All these procedures are meant to achieve quality assurance for decision makers – the
persons making decisions informed by model results (in this case study e.g. the local
water manager).

Automation, like other technologies, shapes its use, and vice versa (Melsen et al.,
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3 | A modeller’s perspective on automation

2018b). The usage of automation can change over time and the distance between pro-
grammer and modeller can increase. This increased distance can produce barriers to
communication and examination or questioning of the assumptions in the automation,
making the need for the development process and final script to be documented es-
sential (Calder et al., 2018; Wang et al., 2023). While modellers familiarise themselves
with any automation script, they might become less critical of the automation and its
capabilities and limitations (Parasuraman et al., 2000). This can result in the modellers
blindly accepting the automation, of which an interviewee gave an example, “So basic-
ally, it is automated: as a modeller you can change the table and put in other values. However,
in reality, that rarely happens, I think. So, at some point, someone came up with these numbers
and over time we become a bit blind to this, sometimes too blind.". The blindness can af-
fect the transparency, because the modellers no longer understand and evaluate what
the results are based on. In general, the loss of understanding in the automation can
lead to surprising results (Carver & Turoff, 2007; Parasuraman et al., 2000), leaving the
modeller the difficult task to figure out what these results mean.

How automation developed at Organisational and Inter-organisational level is used,
will determine if it can actually serve as a standardisation method for quality assur-
ance – its usage shapes the automation. Calder et al. (2018) mention that ‘models might
be used for purposes beyond those for which they were originally designed’ and this also ap-
plies to automation. Furthermore, automation scripts can be taken locally. Here, they
can be developed further, while no feedback is supplied to the central automation.
This practice could potentially create many versions of a similar automation script
again, transferring the automation back to Individual or Team automation level (see
Figure 3.3). Also, automation scripts can be used in such a way that the modeller
adapts it to get the hydrological response they would expect. This was mentioned
by some interviewees, with for example an interviewee stating, “Sometimes, you are
fumbling about, misusing certain features in order to get the system response that you want.",
raising the question: ‘Who is making the modelling decision, the programmer of the
script or the modeller?’

The (mis)usage of the automation can potentially negate its intended transparency
and consistency at an organisational or inter-organisational automation level, affecting
the standardisation potential of automation. For maintaining the quality in models
or technologies, Calder et al. (2018) suggest that a proper review system should be
set up. At some point, this review might result in needing to retire some of the
technology developed. Part of a review system is appointing long-term ownership to
give someone the responsibility to keep up the review. While for models the owner is
usually quite clear, this is more difficult for automation scripts beyond the individual
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3.5 | Conclusion

or team level. To determine ownership is especially important for automation because
automation potentially impedes the questioning of assumptions more. The power
relations between auditor and client is another aspect influencing the questioning of
automation scripts (McCracken et al., 2008; Carlisle et al., 2023). Multiple quality
assurance and control procedures exist each with their own (dis)advantages: e.g. code
review (Bacchelli & Bird, 2013; Pascarella et al., 2018), documentation (Kajko-Mattsson,
2005; Parnas, 2010) and automated testing (Bartram & Bayliss, 1984; Winkler et al.,
2010). Besides improved quality, additional benefits can occur such as knowledge
transfer or increasing team awareness (Bacchelli & Bird, 2013).

Organisations internally apply a mixture of these quality assurance and control pro-
cedures to a certain extent already, as some of the interviewees indicated. Still, as
long as no errors occur, the script, data or technology are often accepted as is. If
errors do occur, automation requires that the whole process is evaluated more care-
fully. According to our interviewees, in some organisations, automation scripts were
developed relatively recently and the evaluation has not been set up (yet) at the time
of the interviews. The allocation of time and resources are important intervening
factors, just as the perceived long-term usefulness of the script or tool in question.
Inter-organisationally, setting up these procedures takes even more effort. The HY-
DROLIB project currently has determined ownership for each component of their
project and has set up a review system. Generally, regular reviews of automation at
the inter-organisational automation level would ensure fit for purposeness and clear
documentation, for which Hamilton et al. (2022) and Calder et al. (2018) have, respec-
tively, emphasised. Regular reviews could potentially also help decrease unintended
blind spots in the model adaptation. Only when these requirements are met will
automation at the inter-organisational level contribute to standardisation as a means
to achieve quality assurance, and with that, to consistency, transparency and reprodu-
cibility.

3.5 | Conclusion

In this study, we explored the modeller’s perspective on automation of the model
setup using a case study of hydrodynamic modelling in the Netherlands. We conduc-
ted fourteen interviews with modellers at water authorities and consulting companies.
Subsequently, we carried out a deductive (based on Pagano et al. (2016)) and inductive
content analysis on the transcripts. The analysis resulted in an overview of the dif-
ferent social levels of automation practice at which automation is applied uniformly
(Individual, Team, Organisational and Inter-organisational); insights into the current
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extent of automation and the preferred practices in automation by the modeller; and
the interaction between third-parties that conduct part of the modelling work in light
of automation. The automation levels cover who created and used the automation
script: for the individual, team, organisational and inter-organisational level, this is,
respectively, one modeller, within a team of modellers, within one organisation and
between different organisations.

Automation of parts of the modelling process has numerous advantages: efficiency,
reduction of human error, transparency, reproducibility and consistency between dif-
ferent modellers. These advantages appear at different social levels of automation
practice. Efficiency and reduction of human error show at all automation levels, while
transparency, consistency and quality assurance for decision makers can be achieved
when automation is implemented at Organisational and Inter-organisational automa-
tion level. Automation has to be implemented carefully at these (Inter-)organisational
automation levels, as modellers might not be inclined to use it if they do no trust it
or have a different view on how modelling should be done. Furthermore, automation
as a standardisation procedure requires among others documentation, evaluation and
maintenance in order for the advantages of standardisation to surface.

Even if the automation is used and has all the requirements for a standardisation
procedure, it is crucial to keep testing ones own understanding and understanding
the automation (at any automation level). Automation at organisational and inter-
organisational levels might include the risk of decreasing transparency, i.e. not being
aware of underlying modelling assumptions, or (mis)using the automation in a such
a manner that it still aligns with the modeller’s perception of the hydrological system.
Any project targeting automation at the (Inter-)organisational automation level has
to find a balance between creating transparency and consistency with their automa-
tion tools and safeguarding the modeller’s trust and proper use of their automation
tools. This requires setting up a review system and determining who has long-term
ownership of the automation tool. Automating the modelling procedure is a fine line
between giving and taking power to modellers and programmers, managing the risks
and benefits of automation.
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Abstract

In hydrological modelling, differences in results arise from the individual con-
ducting the study, leading to inter-modeller variability. Each step in the pro-

cess involves numerous methodological choices, shaping a narrative conveyed by
inherently non-neutral results. However, these results are frequently used to sup-
port decision making, necessitating a clear justification of how model develop-
ment occurred. Standardisation is deemed to enhance modelling credibility, le-
gitimacy, reproducibility and transparency, though challenges exist. Since model-
lers must adopt standardisation approaches in their practice, understanding mod-
ellers’ perceptions of them is important. This study explored two approaches: a
Dutch modelling guideline and an Australian common modelling framework. In-
terview transcripts were analysed using inductive content analysis. Both cases
show that building consensus, which is necessary for standardisation, often in-
volves power relations, which can marginalise certain perspectives. Since stand-
ardisation is not neutral, it requires careful development, implementation and re-
flection on what is standardised, who determines it and who ultimately benefits.

“There were, in fact, so many things to be attended to,
so many people to be pleased,

that there did seem as little chance of a decision.”

—Jane Austen, Mansfield Park (1814)
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4.1 | Introduction

In radiology, CT- and MRI-scans are used to delineate anatomical structures in our
bodies, such as tumours. A medical expert estimates the size of these structures

based on the scans. However, this process can yield different results dependent on
which expert made the estimation, a phenomenon known as inter-observer variab-
ility (Joskowicz et al., 2019; Sørensen et al., 1993; Zir et al., 1976). To address the
inter-observer variability issue, various methods have been developed and tested in
radiology. These methods include the implementation of standardised protocols and
the application of artificial intelligence (Sharp et al., 2014; Wong et al., 2020). Inter-
observer variability is not unique to radiology; similar inter-observer variability has
been discerned in other scientific disciplines, such as archaeology (Beck & Jones, 1989;
Gnaden & Holdaway, 2000), ecology (Goodenough et al., 2020; Morrison, 2016) and
meteorology (Daly et al., 2007). This variability can lead to different research out-
comes, dependent on who conducted the research.

In hydrological modelling, differences in research results arise from the individual
who conducted the modelling study, leading to inter-modeller variability - a specific
instance of inter-observer variability. Numerous methodological choices can be made
at each step of the modelling process, for instance based on expert judgment or thor-
ough testing (Melsen, 2022). Holländer et al. (2009) asked ten modellers to conduct the
same modelling study. They found that the modelling results varied widely between
modellers and that personal judgement played a key role throughout the modelling
process. Additionally, the modelling process is substantially influenced by the team,
the organisation, and other social, technical and political considerations (Chapter 2,
Melsen, 2022; Saltelli & Di Fiore, 2023). Each choice shapes the narrative conveyed
by the model results (Lahtinen et al., 2017). As such, model results are never neutral
(Saltelli et al., 2020). Despite this, the model results are still used to support decision
making.

The use of model results in decision support requires transferring information across
different disciplines, bridging technical details with decision making (Cash et al., 2002;
Hamilton et al., 2022). Different actors will have different expectations and interpret-
ations of the model process and results (Cash et al., 2002; van Voorn et al., 2016).
Several factors are important to consider in transferring models results to decision-
makers: credibility, legitimacy, reproducibility, salience and transparency (Cash et al.,
2002; Hamilton et al., 2022; Schwarz et al., 2020; van Voorn et al., 2016). Credibility
relates to basing the model on sound scientific knowledge (van Voorn et al., 2016). Le-
gitimacy relates to representing the views, values and concerns of involved stakehold-
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ers fairly within a model (van Voorn et al., 2016). Reproducibility relates to whether
a modelling study can be recreated by another modeller, team or organisation (Gun-
dersen, 2021; Schwarz et al., 2020). Ideally, this would result in matching outcomes
without unforeseen errors or discrepancies. Salience relates to the relevance of the
model results for stakeholders (Cash et al., 2002; van Voorn et al., 2016). Transparency
relates to being open about the modelling process: assumptions, uncertainties and
values underlying the modelling process should be interpretable and understandable.
There are several approaches to improve these concepts in the modelling process.

One way to enhance credibility, legitimacy, reproducibility, salience and transparency
of the modelling process is through standardisation. As defined in Chapter 1), stand-
ardisation is defined as applying the same modelling principles, or the same modelling
process, to harmon the modelling process. This would lead to commonly agreed upon
norms and values within modelling (Goulden et al., 2019). Standardisation can also fa-
cilitate the quality assurance of the standardised process itself (Seth, 1991). Over time,
a standard approachcan progress and evolve. Standardisation in modelling can be
implemented, for instance, through creating a set of guidelines for general, voluntary
use, through prescribing certain guidelines for the modelling process by top-down
initiatives, or through automating the modelling process (Chapter 3). Each stand-
ardisation method comes with its own advantages and disadvantages. To study this,
we explored and compared two standardisation-cases: a modelling guideline in The
Netherlands and development of a common modelling framework in Australia.

A comprehensive modelling guideline has been developed in the Netherlands (van
Waveren et al., 1999). This guideline was developed in response to a felt need from
the community itself, as they observed the wild west in ongoing modelling practices
which lead to errors and inconsistencies. The guideline is broad with the objective to
assist Dutch hydrological modellers in supporting water management decision mak-
ing and to improve modelling quality in the Netherlands. Similar guidelines have
been created in other disciplines as well, such as Philips et al. (2006) for health tech-
nology assessments, Caro et al. (2012) for updates on that and Jones et al. (2020) for
environmental modelling. In general, guidelines tend to be developed to address a
gap, for example differences in terminology or process understanding, between the
people creating or using models and the people being informed by the model results
(Refsgaard & Henriksen, 2004). However, adhering to these guidelines requires an in-
vestment, for which the necessary resources are sometimes lacking (Jones et al., 2020).
As such, the development of a guideline is only a first step, the next challenge is to
have the guideline being used in practice.
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4.2 | Methodology

Standardisation can also be approached through top-down initiatives, such as the
development of a common (national) modelling framework. The Australian govern-
ment has initiated the development of eWater Source, a hydrological modelling frame-
work (Parliament of Australia, SA). The reason for this development was a severe
drought (the Millennium drought), which required water managers to collaborate
across state borders. Other examples of national modelling frameworks are MAG-
PIE, which was created to evaluate nitrate losses in the UK (Lord & Anthony, 2000),
NHI, which is a national hydrological modelling framework in the Netherlands (Hoo-
gewoud et al., 2013; de Lange et al., 2015) and the DK-model, which is a national
hydrological model for Denmark (Henriksen et al., 2003). NHI and the DK-model
were initiated by independent research institutes. For MAGPIE, the UK’s national
government had a vested interest in and necessity for the development of this model
framework, because the Ministry of Agriculture needed to estimate nitrate exports.

As the hydrological field progresses and water-management issues become increas-
ingly urgent, countries and organisations adopt different standardisation approaches
for decision-support modelling. Standardisation is the result of a social process dur-
ing its development and adoption (Alder & Wise, 1995; Jimenez, 2022). Since, after all,
the modellers are the ones who have to accept and adopt these methods in their work-
ing practice, it is relevant to understand how different standardisation approaches are
perceived by the modellers themselves. With this study, comparing two standard-
isation approaches in Australia and the Netherlands, we aim to discern what effects
standardisation approaches have on modelling practice.

4.2 | Methodology

4.2.1 | Case Studies

Two contrasting case studies were selected: modelling the Murray-Darling Basin in
Australia and modelling for water management in the Netherlands. They differ in
water management issue, governance arrangements and standardisation approach.
Both case studies still have the same intention: harmonising the modelling process.

Australia — In Australia, water management is focused on addressing water quant-
ity and quality limitations. Water management is executed at state level, including
how water is allocated. Australia implemented a water allocation system to man-
age its water resources. However, there has been an over-allocation of water enti-
tlements in the Murray-Darling Basin (MDB). Therefore, in the early 90s, a cap was
set on the water entitlements (Parliament of Australia, SA). Each state is responsible
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4 | Comparing standardisation approaches

for granting and checking compliance of the water entitlements (Grafton & Horne,
2014). To support water management decisions, each state has developed and im-
plemented their own strategy for hydrological modelling, utilising rules-based and
linear-programming based modelling (MDBA, 2012; Connell & Grafton, 2011; Yang
et al., 2017). However, some basins cover multiple states, most notably the Murray-
Darling Basin (MDB, Yang et al., 2017). In this study, we focus on the Southern part
of this basin.

Initially, the existing sub-catchment models, developed in the so called legacy mod-
els – the previous model software developed at state level, used for decades –, were
coupled to tackle basin-wide questions. This modelling framework was the Integrated
River System Model Framework (IRSMF, MDBA, SA), which was created in 2008. In
cooperation with the states and the Murray-Darling Basin Authority (MDBA), a new
modelling framework was developed to cover the whole basin. The national govern-
ment facilitated this process. This development was instigated due to the Millennium
Drought (2001 – 2009). During this event, water resources requirements were not met
for environmental flows and human needs, which also includes the water entitlements
(Kirby et al., 2014). Because the standardisation, this basin-wide modelling framework,
starts at the government level, it is a more top-down initiative of standardisation. .

A new model framework, eWater Source, was developed by a consortium between
2005 and 2012 (eWater Source Group, SA). The responsibility for maintenance and
funding of the framework was handed to the eWater Group, a newly formed company
owned by the federal and state governments. The states committed to replace their
sub-catchment models built in their legacy model with models built in eWater Source
(Hart, 2016). However, at the time of the interviews, not all sub-catchment models had
been transitioned to the eWater Source framework yet, and those that were still had to
be stitched together manually.

The Commonwealth has designated additional funds (66 million AUD) to push the
transitioning to the Source modelling framework in the MDB further. This is the
Integrated River Modelling Uplift (IRMU) programme, which will run for 4 years.
The funding was acquired at the end of 2021 and the programme will run until mid-
2026, but work had already begun in 2020. Additionally, the aim is to further integrate
and standardise the 24 subcatchment models on a cloud-based framework, minimising
manual interventions. The intention is to have all 24 subcatchment models in eWater
Source. Part of IRMU is also dedicated to make the models fit for future questions
and decisions (MDBA, SA).
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4.2 | Methodology

The Netherlands — In The Netherlands, which generally is not water limited, water
management focuses on flood protection, maintenance of the water ways for transport,
and drought or water surplus prevention (Dutch Water Authorities, SA). Modelling is
used to support decisions in any of these situations. decision-support modelling for
water management is mainly the responsibility of the national and local water au-
thorities and supported by consulting companies. 21 local water authorities execute
the water management in their area (Government of the Netherlands, SA). The gov-
ernmental agency Rijkswaterstaat functions at the national level (Government of the
Netherlands, SA; Vukovic, 2022). Dutch consulting companies assist the water au-
thorities. This support can cover the execution of the whole modelling process or
knowledge provision to water authorities such that they are able to set-up and ex-
ecute models themselves. Research institutes, such as Deltares, co-develop and main-
tain model software, ensuring its quality. A more elaborate description is provided in
Section 2.2.1.

The guideline ‘Good modelling practice: Vloeiend modelleren in het waterbeheer’,
published in 1999, was written to initiate more standardisation in the Dutch hydro-
logical modelling community (van Waveren et al., 1999). This initiative was led by
individuals from various organisation, most notably Rijkswaterstaat. Dutch water au-
thorities and consulting companies had no obligation to incorporate the guideline.
Therefore, guidelines can be seen as a more bottom-up approach. Based on the inter-
views, after publication, the uptake of the guideline in day-to-day usage was less than
anticipated and decreased over the years.

After the publication of the guideline, other initiatives were developed, both at the
national and international level. In the Netherlands, an attempt was made to form-
alise the guideline through NEN-norms, Dutch standards specifying quality criteria,
similar to the ISO-standards (van der Molen et al., 2002; Nederlandse Rijksoverheid,
SA). Nationally, a common modelling platform for ground and surface water mod-
elling, the Nationaal Hydrologisch Instrumentarium (NHI), was developed (Kukuric,
2011). This development started in 2005 to provide decision support for nationally
and regionally relevant hydrological questions. The NHI is being updated regularly
(Hoogewoud et al., 2013; de Lange et al., 2015). Internationally, the guideline was fol-
lowed up in the EU-project HarmoniQua (Kassahun et al., 2005; Scholten et al., 2004).
The outcome of this project was a computer-based toolbox and a digitised guideline
to provide support for quality assurance in decision-support hydrological modelling.
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4.2.2 | Interviewee selection and interviews

To acquire the modeller’s perspectives on both standardisation methods, we conduc-
ted semi-structured interviews with modellers and people involved in the develop-
ment of the standardisation approach in Australia and The Netherlands. The inter-
viewees were mainly selected through convenience and snowball sampling. The first
interviewees were selected through reaching out to suitable people in the authors con-
tacts or projects the authors were involved in (convenience sampling). At the end of
each interview, we asked the interviewee if they had any recommendations for other
potential interviewee (snowball sampling, Emerson, 2015). Some interviewees were
selected through purposive sampling – selective sampling to include interviewees who
are experts for either of the case studies. These sampling methods are effective to
analyse a certain case study within one geographical area including knowledgeable
experts, which our case studies are. All interviews were recorded and transcribed
with the interviewee’s informed consent with ethics application 2023-013 granted by
WUR Research Ethics Committee.

Australia — We conducted twenty semi-structured interviews with users and de-
velopers of the standardisation approach in the MDB. These interviews took place in
June and July 2023. All interviews were held in English and lasted between 30 minutes
and 2 hours. The interviews covered different parts of the standardisation initiative
in Australia on eWater Source. The general interview guide has been included in
Appendix of Chapter 4A. We adapted the guide depending on the interviewee and
their exact expertise. In this study, we refer to these interviews as AUS1 – 20. We in-
terviewed modellers who work or have worked at governmental state agencies or the
MDBA, as well as some developers involved in creating the eWater Source framework.
Additionally, we interviewed individuals from government agencies, consulting com-
panies and independent experts involved with the modelling, water management or
reviewing within the MDB during the development of or transition to eWater Source.

Netherlands — We conducted fourteen semi-structured interviews between Septem-
ber and December 2021 with hydrodynamic modellers, which were also used in
Chapters 2 and 3. At the time, nine interviewees worked at six different water au-
thorities and five interviewees at four different consulting companies. Two additional
interviews were held in the spring of 2023 with developers of the guideline. All were
held in Dutch, except one, which was in English. All interviews lasted between 1 hour
15 minutes and 2 hours. The interviews with the modellers entailed some questions
about standardisation within The Netherlands. The interview guide has been included
in Appendix General. The interviews with the developers concerned the development
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of the guideline and were specifically tailored to each individual interviewee. In Ap-
pendix of Chapter 4A, a general interview guide is provided with example questions.
In this chapter, we refer to these interviews as NL1 – 16.

4.2.3 | Content Analysis

The transcripts were analysed in ATLAS.ti, version 9 (ATLAS.ti Scientific Software
Development GmbH, 2022). We performed an inductive content analysis, which en-
tails analysing the full interviews and assigning so-called codes to excerpts of the
interview transcripts. In this chapter, we determined the codes as we analysed the in-
terviews. First, topical codes were inserted to categorise which parts of the interviews
were related to the standardisation approaches. For the transcripts from interviews
with Dutch modellers, we only coded the parts regarding standardisation. The other
interviews were coded completely. After the topical codes, we coded the interviews
inductively, which resulted in 138 inductive codes. These codes were grouped in seven
axial codes derived inductively: Development, Application, Advantages, Disadvant-
ages, Improvements, Risks and Updates. Development relates to the creation of the
standardisation approach and its intended purpose. Application relates to how the
standardisation approach is employed. Advantages and Disadvantages relate to the
actual outcomes of its application. Improvements relate to potential ways to enhance
the standardisation approach. Risks relate to potential pitfalls the standardisation
approach might have. Updates relate to any revisions or continuations of the stand-
ardisation approach. The inductive codes are included in Appendix of Chapter 4B.
Results are presented following the axial codes, first for each case study individually
and afterwards in comparison.

4.3 | Results and Interpretation

4.3.1 | Case study Australia: the interviewees’ perspectives on the uptake
of eWater Source

Development and Application — The main motivation for standardisation efforts in
Australian water management modelling was a water crisis (Interviews AUS 2, 3, 6,
8, 14 and 20). The Millennium Drought (2001 – 2009) was one of the instigators to
initiate the development of the Source modelling framework, because it was no longer
tenable to model the subcatchments without incorporating more communication and
consistency between these subcatchment models. Consistency increases the ease of
use when linking the sub-catchment models for full-basin studies. Additionally, it
can create transparency between model studies, modellers and stakeholders. This
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transparency is needed for the model results that support policy decisions (AUS 2, 4,
10, 12, 16 and 17).

Consensus, through negotiation, is necessary when developing and implementing a
common modelling framework. For the modelling practice in the MDB, policy is a
major factor, since each state has their own water policy rules that need to be in-
corporated in the modelling approach. Consensus involved accommodating different
policy options and modelling approaches within the framework, as well as making
an agreement to transition (AUS 4, 6, 8, 11, 13, 14, 16, 17 and 20). Negotiation was
needed to establish a timeline and allocate resources. Although the transition is slow,
all states are moving towards or have finished the transition.

Since the models are used for policy and some numbers are directly incorporated in
legislation, the implementation of a new modelling framework is executed carefully.
Transitioning tends to follow the policy updates, which are commonly on a ten-year
cycle. Furthermore, the transition is resources-limited, with available funding and
people stretched between current modelling tasks and the transition to the Source
modelling framework.

In order to build trust among stakeholders, several interviewees (AUS 2, 4, 6, 8, 9,
14, 15, 17, 18 and 20) indicated that it is crucial to be able to explain the differences
in results when transitioning to a new modelling framework. This might involve
reconstructing the legacy model in the new framework and then gradually modifying
it (AUS 4, 12 and 20). The models used to support policy generally are independently
reviewed, both the legacy and Source models. These reviews are another way to
increase the trust in the models in a policy context.

Throughout developing and transitioning to eWater Source, a community was built
through, for example, involving modellers in the development of eWater Source,
providing training and creating a general guideline. The community building in-
cluded various stakeholders across the MDB and within each state, including mod-
ellers and developers. One aspect of community building is the Practice Notes, vol-
untary guidelines for Source users aimed at create consistency in modelling practices.
The Practice Notes are based on the first user cases of Source. The interviewees were
generally aware of the existence of these Practice Notes. However, they are not used
on a daily basis (AUS 4, 9, 11, 12 and 14).

Advantages and Disadvantages — Differences in terminology between states hinder
the development and adoption of one modelling platform (AUS 1, 4, 8, 11, 14, 16
and 17). This complicates communication between modellers and raises the ques-
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tion which terminology to use in a common platform. By choosing one terminology,
someone’s, an organisation’s or state’s preference has become the default. Of course,
definitions can be explained in documentation, but, documentation is not necessarily
read.

The existing different approaches between states complicate the development and
transition to Source. Being able to use their own approaches within the framework
was a demand from most stakeholders in order to commit to the transition to Source.
Generally, the Source framework has accommodated the different existing approaches
(AUS 2, 3, 4, 7, 8, 9, 11, 14, 15, 16, 17 and 20). Because of this, the Source modelling
framework has many varying features and can be quite computationally demanding
(AUS 5, 9, 13, 14, 16, 18 and 20). In essence, this means that transparency is in-
creased with the implementation in Source in the sense that everyone is more familiar
with the framework applied, but not necessarily with the approach taken within this
framework.

Improvements, Risks and Updates — Transitioning to one modelling framework can
pose some risks and opportunities. These can guide the progression of the standard-
isation approach.

One potential risk is the future maintenance of the framework and the resources this
requires (AUS 2, 6, 8, 13, 15, 16 and 17). As the framework is specifically built for
the Australian context, so far it is mainly used in Australia. Because of this, there are
concerns with regard to its long-term financial viability, which is the responsibility of
the eWater Group. Currently, the maintenance of the framework requires structural
input from the Commonwealth and different states.

The complexity of the framework poses another risk. This complexity means that the
upkeep costs are substantial (AUS 6, 8, 13, 15, 16, 17 and 20). Hence, a critical look at
whether all features are necessary might reduce future maintenance costs (AUS 15).
However, this complexity was also necessary to get everyone on board.

The longevity of the framework is another concern. The high investment costs made
combined with the uncertainty of the sustainability of the Source modelling frame-
work leaves the Australian modelling community open for the risk of a lock-in effect
– a system is dependent on one option while not having the possibility to switch
without substantial costs. Two interviewees (AUS 17 and 18) expressed their concern
for the situation in which Source is discontinued, which will result in massive costs to
put something else in place. Other interviewees were concerned that “Source might fade
before it gets finished, but hopefully it won’t” (AUS14) or were wondering “when Source
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would be seen as a legacy model” (AUS15). Contrary to this, another interviewee men-
tioned that “despite the frustrations in the early days, people still kept using it says something
about the dedication of many of those users” (AUS11).

The dedication to keep working with the Source modelling framework can be used
in the IRMU programme, for which the interviewees recognised the aim to cooperat-
ively improve the technology (further development of Source and the development of
a cloud-based framework). Identified advantages of this include more collaboration
(AUS 2, 4, 6 and 16), transparency (AUS 2, 4, 6, 7, 9, 13 and 16), efficiency (AUS 1, 2,
3, 6, 7, 8, 9, 12, 13 and 15) and consistency (AUS 2, 4, 5, 6, 11, 12, 13, 15, 16, 17 and 20).
Furthermore, it is mentioned that this programme provides the funding necessary to
accomplish the improvements (AUS 2, 15 and 16). Within this programme, it is diffi-
cult to align different priorities (AUS 2, 7, 8 and 9), to determine long-term ownership
(AUS 2, 13, 14 and 16) and to provide continuous funding (AUS 2, 6, 8, 13, 15, 16
and 17). The timeline of the programme is also quite ambitious, but still an important
step in furthering the transition to Source, even if it might not accomplish every goal
(AUS 13, 16 and 17). Communication between stakeholders will be important to keep
evolving the framework and setting out the direction it will take. Part of this will also
be to determine which processes need to be represented in the modelling and how the
science can progress.

4.3.2 | Case study The Netherlands: the interviewees’ perspectives on the
uptake of the guideline

Development and Application — The development of the Good Modelling Practice
guideline was mainly informed by the motivation to improve model quality and trans-
parency in the Netherlands (NL 15). This motivation was shared by multiple model-
lers and culminated in Rijkswaterstaat leading and creating a collaboration between
multiple organisations, both from industry and public partners (NL 15 and 16, van
Waveren et al., 1999). Even more people and organisations were involved during the
testing phase and in an advisory committee.

The idea behind involving many different organisations and people was to create a
community. This provides a support base for the usage of the guideline (NL 15).
Implementation hinged on voluntary usage. The intention was that as part of the
community, commissioners would ask for a modelling study to be done according to
the guideline and that any organisation executing a modelling study would provide a
framework internally to use the guideline (NL 9, 15 and 16).
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The voluntary implementation uncovered that there was less consensus than it seemed
during the development. From the interviews it appeared that the uptake of the
guideline was less than anticipated (NL 1, 2, 3, 5, 6, 7, 9, 10, 11, 13, 15 and 16). Cur-
rently, modellers barely use the guideline actively: for example “I think that modellers
have what is important in the back of their minds, but that no one has the guideline next to
them. At least, I don’t know anyone who does." (NL 5). Interviewees think the guideline
have a high level of generality, which hampers the active usage (NL 1, 2, 3, 13 and
16). The interviewees indicated that they rather use it as a general framework in the
back of their heads (NL 5, 8 and 13). Other usages of the guideline include basing
the organisation’s modelling vision on the guideline (NL 4, 10 and 13) or giving the
guideline as a reference to new or less experienced modellers (NL 3, 6, 7, 8, 9, 10 and
14). With these more indirect usages, the guideline have shaped modelling practice
and thinking by making steps explicit that have become institutionalised.

Advantages and Disadvantages — The Dutch guideline has several disadvantages
and advantages. Disadvantages of the guideline encompass the site-specificity of mod-
elling studies (NL 2, 4, 11 and 13, e.g. “every modelling study is still some customisation”),
the existing different practices between modellers and organisations (NL 2, 3, 6, 10,
13, 15 and 16, e.g. “people preferably want to use what they’re used to”), the length of the
guideline (NL 3, 4, 7 and 10, e.g. “I can imagine that the longer such a guideline is, the less
appealing it will be”), and the high effort in using the guideline (NL 3, 4, 5, 13, 14 and
16, e.g. “You didn’t want to have too much administration, so you could only spend half your
time on modelling”). These disadvantages can be reasons for the low direct usage of the
guideline. Despite these disadvantages, interviewees (NL 3, 6, 7, 8, 9, 10, 13 and 14)
did recognise that the guideline can be beneficial: “of course, it also undoubtedly contains
some very good and logical things”.

The advantages mentioned in the interviews include making better choices, sharing of
problems and information (i.e. one form of transparency). For making better choices,
the guideline can aid in providing a reference for the modellers (NL 3, 6, 7, 8, 9, 10
and 14), reducing human errors and improving reproducibility. The development of
the guideline created a community (NL 15 and 16), in which problems and informa-
tion are shared. In this way, it provides a knowledge base for modellers. Guidelines
can also reduce inter-modeller variability, i.e. create consistency, through facilitating
collaboration and establishing a common language (NL 15 and 16). This can poten-
tially increase the reproducibility of modelling studies and transferability of modelling
skills.
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Improvements, Risks and Updates — Based on the guideline, there have been a
couple of follow-up projects, which show how standardisation approaches can pro-
gress. These follow-ups highlight the importance of consensus and the difficulty of
overcoming different approaches. An attempt was made to formalise the voluntary
guidelines into NEN-norms – Dutch standards similar to ISO-standards (Hoogewoud
et al., 2013; de Lange et al., 2015). However, these were never accepted. The differ-
ent parties were not able to reach a consensus on what the norms should prescribe
in terms of modelling practice, due to different modelling approaches. Within the
European HarmoniQua project, multiple international organisations were involved.
In this project, a tool was developed. The tool was used, though mainly by the people
involved in the project. Within the Netherlands, HarmoniQua was not really taken up
beyond educational purposes initiated by one of the project members. The mainten-
ance was also done by the people involved in its development, resulting in its disuse
after the developers’ retirement or move to different organisations.

Following its publication, the guideline was updated once or twice in the beginning,
showing the guideline’s adaptability. Initially, a printed version of the guideline in a
multomap was distributed to everyone, ensuring easy adaptability (NL 15, 16). The
users could send in suggestions. Multiple suggestions were incorporated at the same
time. The changed pages of the guideline would be sent to everyone, which they could
easily swap in their multomap. Another source of suggestions came from application
in education for a few years (NL 16). As a voluntary standardisation approach, the
guideline potentially suffered from lack of ownership and resources. STOWA – the
Dutch centre of expertise of the water authorities – is the owner of the guideline.
However, STOWA is a demand-driven organisation, meaning they do not have the
capacity (funding and humanpower) to actually maintain the guideline and promote
its usage. Over time, this decreased the incentive to keep using it. This reduced the
possibilities for updates and promotion for its usage. Even though HarmoniQua was
a follow-up project, it did not provide funding for the Dutch guideline as its focus was
on an international tool.

The guideline was not adopted actively, decreasing its longevity, although the
guideline is informing vision and used in the back of modellers’ minds. In this form,
the guideline has evolved. Interviewees have given further suggestions for evolving
the guideline: create a shorter version or summary (NL 3, 7, 10), change title to reflect
its contents better (NL 4), integrate the guideline with modelling tools (NL 2, 9, 14),
or create a digital version of the guideline (NL 4, 6, 15). Two interviewees (NL 6, 7)
indicated that is was mainly important to have an easily searchable format, regardless
of its format.
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4.3.3 | Commonalities and differences

In this section, we will explore commonalities and differences in both standardisa-
tion approaches. The main differences in the development and implementation of
the standardisation approaches are in the initiators and its usage. The eWater Source
is modelling software, rather than guidelines. The different stakeholders agreed to
transition to this software. This approach is more of a top-down approach due to the
Australian Commonwealth being the initiator. The Dutch guideline is a voluntary ap-
proach, using soft power. The guideline is barely actively used in water management
modelling. This approach can be classified more as a bottom-up approach due to the
initiative coming from the modellers themselves.

Development and Application — The motivations for developing a standardisation
approach is different in both case studies. In the Netherlands, the emphasis is on
improving model quality as this is important for the guideline’s initiators – the mod-
ellers. In Australia, the emphasis is on creating legitimacy for policy and legislation
as this is valued by the eWater Source’s initiators – policy-makers.

Despite their different goals and initiators, we recognise that a consensus needs to
be reached in both instances, which includes building a community for implementa-
tion. For the Dutch guideline, a consensus was reached and a community was build.
However, in practice, this consensus did not seem to reach its intended use, since
modellers reverted to their own modelling practices. Another example of the import-
ance of consensus in standardisation are the NEN-norms, which would give a more
formal status to the guidelines. These were not developed due to the absence of a
consensus. For the Australian modelling framework, a consensus was also reached
in an agreement to transition to the Source modelling framework. After this con-
sensus, the community has been build around the development and transition of the
framework. Partly because of this prior binding agreement, the different stakeholders
keep using and transitioning to the framework. Grimm et al. (2014) also recognise that
good modelling practice has long been known, but the problem is to get it established.
Our results confirm this, demonstrating that, without a strong concerted effort, it is
difficult to formalise and standardise modelling approaches.

The differences in top-down and voluntary approaches leads to different adoption
of the standardisation approach. Implementing the Dutch guideline, a voluntary ap-
proach, proved to be quite difficult. Implementing the top-down Australian model-
ling framework also had its difficulties, but the transition is still happening. Goulden
et al. (2019) discern these differences between voluntary and top-down approaches in
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standard setting for standards in environmental policy. They found that with volun-
tary standards, it is more difficult to implement them, compared to standards defined
in law. However, with the voluntary approach, soft effects are visible, such as the
changes in modelling vision of organisations. As such, one could even argue that the
guidelines achieved their goal of improving modelling practices.

Advantages and Disadvantages — Regarding the relative merits of guideline or tools
used as a standardisation approach, some differences are perceived. In the Australian
case, the approach is expensive in its development and maintenance. Furthermore,
despite its usage, there was initially dissatisfaction about the software, which is slowly
improving through fixing bugs in eWater Source. In the Dutch case, the standardisa-
tion approach is relatively cheap. However, there is a problem with regards to its
adoption: the guideline is barely actively used.

For both case studies, the interviewees see value in creating consistency, reproducib-
ility and transparency. These values can enable transferability of modelling studies
and skills between organisations, as well as enhance the credibility and legitimacy of
model results in a policy setting. Stakeholders can more easily check on what the
model results are based. Especially the Australian case study highlights the necessity
of legitimate model results. The modelling results are directly impacting water alloca-
tion. The justification needed by stakeholders when model results change can be more
easily provided when models are transparent, reproducible and consistent.

Despite these added values of standardisation, both case studies show that there are
also some aspects that hinder implementation of it or that are perceived as disadvant-
ages. First, multiple interviewees from both cases indicated that one general good
modelling practice or modelling platform is not feasible (AUS 5, 10, 18 and 20, NL 5,
11 and 15). For instance, they highlighted the site-specificity of modelling studies
(AUS 5, 6, 8, 14, 15, 16, 18 and 20, NL 2, 4, 11 and 13). Within the usage and imple-
mentation of eWater Source, Australian water management modelling has moved to
a lock-in effect, which potentially impedes the possibilities to implement site-specific
methods. However, the current set-up of eWater Source contains many different pos-
sibilities, thereby still providing ample flexibility.

Another aspect hindering standardisation’s implementation is the different ap-
proaches between organisations. Every organisation prefers to use what they are ac-
customed to (Addor & Melsen, 2019, AUS 5, NL 16). So, negotiation and compromise
is needed to reach a consensus on which modelling approach to incorporate in the
standardisation approach. However, if this approach does not align with the organisa-
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4.3 | Results and Interpretation

tion’s previous modelling approach, organisations might revert to using their previous
approach. In both case studies we see that multiple stakeholders were involved in the
development and multiple views are represented. Nonetheless, the modellers in both
cases were (eventually) able to keep using their own approach. The Dutch guideline
never reached an official status and became less used over time, while eWater Source
became more complex to accommodate all the different modelling approaches within
the framework. In this way, both approaches lost some value in their aim to standard-
ise.

The standardisation’s loss of value also elucidates the powers that are at play in the
implementation of standards. This especially became evident in the Australian case
about the maintenance of eWater Source. The maintenance had to be carefully man-
aged as different stakeholders assigned a different urgency level to bug fixing or neces-
sary development. This creates an imbalance in whose problems are dealt with first.
In general, negotiation and compromise necessary for developing a standardisation
approach involve power relations. These power relations might result in some per-
spectives becoming marginalised during the standardisation procedure, while other
perspectives become formally adopted.

Improvements, Risks and Updates — The longevity and evolution of a standardisa-
tion approach is dependent on several factors, as highlighted by the cases. From the
Australian case, it can be seen that simplicity, where possible, can be of value for the
maintenance and user-friendliness of the modelling software. More complexity tends
to increase the maintenance costs and decrease the ease of use of a tool, although this
complexity was necessary in the first place to have enough support from the particip-
ating modelling institutes.

Both case studies indicate that resources are necessary for continuous maintenance
and further development. eWater Source and the Dutch guideline were initially cre-
ated during a project. This sets a time limit on the funds available. After the project
finishes, new funding needs to be acquired. So far, funding has been procured for
further development and implementation of eWater Source. For the guideline, no
further funding was made available. It is a common issue that less funding is avail-
able for maintenance than for development (e.g. in the IT sector (Daniels & Starr,
1997)). One negative consequences of this is the inability to meet the expectations
set during development and implementation of the technology. If the technology is
well-maintained, it would increase its credibility among the stakeholders (Daniels &
Starr, 1997).
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4 | Comparing standardisation approaches

The Dutch guideline shows that adaptability of and within a standardisation approach
is important. Adaptability provides the opportunity for a standardisation approach
to evolve. With new insights, it should be possible to change the standardisation
approach (Meijer et al., 2023). As several interviewees have indicated, adaptability
should also be possible within a standardisation approach. For example, due to site
specificity, a modeller might want to change the specific method. To take site spe-
cificity into account, but still keep a similar modelling approach, consistent incon-
sistency is necessary. The specific methods can change, i.e. be inconsistent, but the
modelling approach (e.g. which modelling steps are taken) should be similar, i.e. be
consistent.

4.4 | Discussion

4.4.1 | Standardisation from different perspectives: Human, Organisation
and Technology

In our study, we have taken an individual perspective on standardisation approaches
through conducting interviews with individual modellers and developers. As such,
we propagate that within standardisation often the perspective of the modeller is taken
(Jones et al., 2020). Other studies have shown that within modelling also other per-
spectives, such as the team, organisation or inter-organisational network, are import-
ant (Chapter 2, Babel et al., 2019; Melsen, 2022). Therefore, it is important to also
consider these perspectives when evaluating standardisation.

A broader perspective to standardisation has been brought together in the Human,
Organisation and Technology (HOT)-fit framework (Fig. 4.1 Yusof et al., 2008). Yusof
et al. (2008) developed the HOT-fit framework for analysing the adoption of Health
Information Systems. Health Information Systems are tools implemented to stand-
ardise healthcare. The three different factors, Human, Organisation and Technology,
need to fit with each other in order for the tool to be adopted. Besides the fit between
the factors, the factors also impact each other. The standardisation approach needs
to show it has Net Benefits, in which the factors Human, Organisation and Techno-
logy come together. Although initially developed for Health Information Systems, the
framework can also be used for the standardisation approaches in our case.

HUMAN — The Human perspective looks at the individual user of a standardisation
approach, which contains two aspects: System Use and User Satisfaction. System Use
means how much the System is used by an individual. This aspect can be evaluated
by factors including how many times, by whom, how and why it is used. User Sat-
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Figure 4.1 | The relationships between the factors, Human, Organisation and Technology, concerning
the implementation of standardisation approaches. a) shows the relationships identified from the
interviews for the Australian case study and b) presents the relationships identified from the inter-
views for the Dutch case study. This is adapted from the Human, Organisation, Technology (HOT)-fit
framework from Yusof et al. (2008). The solid arrows are present in the HOT-fit framework as describe
by Yusof et al. (2008). The dashed arrows are additions we made based on our results.

isfaction means if individuals appreciate the usage of the standardisation approach.
Evaluating factors include perceived usefulness, overall satisfaction and enjoyment.

With regards to User Satisfaction and System Use, the two case studies are quite dis-
tinct. The adoption of the Dutch guideline follows the HOT-fit framework as described
in Yusof et al. (2008) quite closely. The modellers did not experience any Net Benefits
from using the guideline actively, especially because the end users did not value this
extra effort. Therefore, the User Satisfaction became less, and thus the System Use be-
came less. As the usage decreased, so did the Net Benefits. In the Australian case, the
HOT-fit framework as described in Yusof et al. (2008) does not seem to fully explain
why the eWater Source framework is adopted, as the original framework does not
have a direct link between Human and Organisation. As indicated, the initial System
Use of the framework was quite frustrating at times, meaning lower User Satisfaction.
The Net Benefits were probably not experienced yet for the individual modeller. So,
following the HOT-fit framework, this would mean that usage would go down. How-
ever, the usage of the eWater Source framework is still ongoing and increasing. This is
due to the Organisation and top-down approach, enforcing the usage of the modelling
framework. At this basin-wide level, Net Benefits were probably experienced in the
sense of increased collaboration and increased information to base basin-wide policy
decisions on. Therefore, we have added a dashed arrow between Organisation and
System Use (Fig. 4.1) to the framework to indicate that the Organisation can stimulate
the individual usage of the standardisation approach. This can also be described as
internalisation and institutionalisation (Babel et al., 2019; Melsen, 2022).
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4 | Comparing standardisation approaches

ORGANISATION — The Organisation perspective includes the single organisation
(Structure) and the broader organisational perspective (Environment). The Structure
relates to, for example, the organisation’s strategy, management or leadership. The
Environment relates to the broader situatedness of the individual organisation. This
can include the government, politics, inter-organisational relationships or financing
resources.

The Dutch and Australian case studies highlight different links from and to organ-
isation Structure. The Australian case shows the link between Structure with System
Use. Within this link two aspects are clearly visible. First, the capability, e.g. know-
ledge, to transition to eWater Source is there, which has a positive effect on the System
Use. Second, the organisations do not necessarily have the capacity for the transition.
They lack resources and humanpower, which negatively impacts the System Use. Fur-
thermore, the organisations influence the technology. The states’ different approaches
have been incorporated over time, thereby shaping eWater Source.

The Dutch case features how Technology influences the Organisation. Even though the
guideline was not used actively at the individual level, it did shape the organisational
Structure, for example in an interviewee’s organisation they based part of their vision
on the guideline: “A part of our vision is based on it [the guideline]. We would like to follow
that, but if we always succeed..." (NL 4).

Both case studies have a multi-organisational component, which is partly represented
by the Environment and the links it has with other aspect of the HOT-fit framework.
For instance, the Dutch guideline was intended to be implemented through the En-
vironment: the commissioner of a modelling study should ask for the guideline to be
followed. Additionally, it was expected that the organisation structure would provide
the capacity to use the guideline. So, this highlights a link between the Organisa-
tion and System Use. With the development of eWater Source, the Commonwealth
of Australia was an important initiator, indicating a link between Environment and
Technology (added as a dotted arrow to Fig. 4.1). One of the interviewees (AUS 6)
mentioned that “in government, politics tend to trump everything including the tool", in-
dicating that this link between Environment and Technology can be mainly driven by
the Environment.

The Environment can also be shaped by the Technology. For example, the Dutch
guideline was the precursor of other initiatives in the modelling community, such
as the development of a common modelling platform NHI. This changes the inter-
organisational relations and collaborative capabilities. Additionally, we added a dot-
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ted arrow between Environment and Structure. For example, the lock-in effect due
to the development of a standardisation approach, as the Australian case might have,
can mean that the Environment requires the Structure of an organisation to change.
Similarly, the organisation Structure can also influence the Environment though we
did not clearly perceive this in the case studies, because the case studies had an inter-
organisational consensus. This is an extension to the internalisation and institutional-
isation (Babel et al., 2019; Melsen et al., 2018a).

TECHNOLOGY — The Technology perspective covers the standardisation approach’s
System Quality, Information Quality and Service Quality. System Quality is defined
by the features of the technology, including criteria such as availability, ease of use,
flexibility and reliability. Information Quality relates to how users can obtain the
necessary information and what information is available. This can be evaluated by
legibility, format, conciseness and completeness. Service Quality is about how easy
users can receive assistance while using the standardisation approach. This includes
quick responsiveness, follow-up service and technical support.

Regarding System Quality, interviewees indicated several options to improve the
Dutch guideline, such as reducing its length, providing an online alternative and
increasing its searchability. This is an example of how System Use can potentially
influence System Quality. These changes can also impact the Information Quality of
the guideline, as they influence the format and the conciseness of the standardisation
approach. In the Australian case, the development of Practice Notes, which is part of
Information Quality, was initiated during the usage of eWater Source (System Use).
Having these Practice Notes can also encourage System Use, while becoming informal
standards themselves.

Concerning Service Quality, the case studies show several connections. The Dutch
case study highlights the importance of ownership of the Technology. The owner of
the guideline, STOWA, does not have the capacity to maintain the guideline. Own-
ership by either an organisation, such as STOWA of the guideline, or an overarching
institute, such as the government in Australia, can improve the upkeep of the stand-
ardisation approach. On top of that, having a clear owner can facilitate the technical
support for users, for example the updates of eWater Source, although, challenges
with prioritisation can decrease the Service Quality.
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4 | Comparing standardisation approaches

4.4.2 | Will we standardise?

Even though standardisation can establish many advantages, e.g. reproducibility,
transparency, consistency and human error reduction, there are challenges. First, one
important challenge is representation within the development of a standardisation ap-
proach and within the approach itself. A diverse and fair representation of stakehold-
ers is important in the development of standardisation approaches (Goulden et al.,
2019). Within standardisation, often the perspective of the modeller is taken (Jones
et al., 2020), which leaves out other stakeholders. In our case studies also the model-
ler’s perspective is chosen, but also between modellers micropolitics exist: We recog-
nise differences in representation, which should be diverse to ensure the quality of the
standardisation approach (Meijer et al., 2023; Wiarda et al., 2022). For example, the
Australian Practice Notes accompanying the Source modelling framework are based
on the first user experiences. Although these notes can evolve over time, they can
be quite guiding in how the software will be used. Besides, we observed disagree-
ment about setting priorities in the treatment of bugs in the software. For the Dutch
guideline, a selection of modellers were involved with formulating the guideline. Al-
though this guideline was discussed in several panels, it is still only this small group
that came with the first proposal. So, a certain selection of people can shape a stand-
ardisation approach in a certain direction, foreclosing other possibilities. This poses
the question whether standardisation is desirable.

Given the advancement of standardisation in health care, we can learn some lessons
from insights gained in this field. Within a standardisation approach, it is assumed
that one approach is the most desirable, meaning that variation and heterogeneity
are consequently undesirable aspects (Wears, 2015). Standardisation gives ‘the illu-
sion of the single answer’ (Berg, 1997; Demortain, 2008). This seems to go against the
site-specificity that the interviewees highlighted as important. Moreover, choosing
one ‘desirable’ approach can decrease the incentive to keep challenging and evolving
that chosen approach. So, the True North needs to be evaluated and adapted when
necessary.

Standardisation can also enforce a hierarchy between different perspectives, while
there might be no clear reasons to prefer one method over the other (Demortain,
2008; Law, 2004). This difference in hierarchy can also be a reason that people are
less inclined to adopt a standardisation approach: the users might not agree with the
approach highlighted in the standardisation. This stems from different approaches
between people, in our case modellers and organisations. For example, guidelines
might be incompatible with ingrained institutionalised standards (Melsen, 2022). To
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counter the imposed homogeneity and hierarchy from standardisation to some extent
calls for consistent inconsistency in modelling: modelling principles (e.g. transparency
and reproducibility) are standardised, yet the exact method not. If standardisation
approaches are implemented on a more regional or local scale the consistent part can
be extended, taking into account the consistencies strove for at a higher scale. These
consistent parts can change over time based on new insights.

Another potential risk of standardisation is the ‘de-skilling’ of the experts (Berg, 1997).
If standardisation is implemented successfully, the people using that standardisation
will hopefully get new skills, while they do not need to use other previous skills. In
other words, standardisation users will ‘re-skill’. However, when there is no focus
put on acquiring new skills, it is certain that the standardisation users will end up
with less skills than before. Within our case studies, we have not seen this occur.
The eWater Source framework has not been implemented completely, meaning that
de-skilling is less likely to have happened. Also, training courses have been set up for
modellers to obtain new skills using Source. The Dutch guideline is barely actively
used, only as a reference, which means that multiple approaches still exist. Even
though this potential risk is not visible in our case studies, it is necessary to be aware
of it. In the Netherlands, an example that would require re-skilling is the automating
of the modelling process as a standardisation approach (Chapter 3). The modeller no
longer needs to run the model, but needs to run the scripts, resulting potentially in
the modeller obtaining less knowledge. While both case studies progress towards the
use of a common model framework, the modellers might lose the experience in using
other models and thus de-skill.

Lastly, standardisation can be implemented just for psychological benefits (Berg, 1997;
Wears, 2015). It provides a rationalist, orderly approach to complex, uncertain sys-
tems: ‘standardisation is a technological solution to complexity’ (Alder & Wise, 1995; Wears,
2015). For managers and bureaucratic employees, this provides the benefit of the con-
sistency itself. But, for the actual users, there is no apparent advantage to the created
consistency from standardisation. In the Australian case, the eWater Source frame-
work contributes to nation-building: it intends to be a nationally consistent frame-
work, which is supported by a community of practice (eWater Source Group, SA). So
the framework seems to be partially implemented for social and psychological bene-
fits, while the benefits at modeller level are yet unclear. The Dutch guideline can have
a psychological benefit too: if you follow the rules, no one can say you did anything
wrong.

All these different risks can result in unintended consequences: modellers might no
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4 | Comparing standardisation approaches

longer have the same skill level due to deskilling without reskilling, certain methods
can become disused because they were not included in the standardisation, and the
rewards for the modellers might be minimal even though they put in effort for imple-
mentation of a standardisation approach. All of these scenarios mean that standard-
isation can result in situations where some stakeholders or methods are overlooked or
lose value without any apparent reason. Thus, standardisation approaches, like mod-
els, are non-neutral tools, requiring careful development, implementation, evolution
and reflection upon why it is standardised, who decided upon the standardisation
method and who experiences benefits from the standardisation.

4.5 | Conclusion

In this study, we examined the modeller’s perspective towards standardisation ap-
proaches. We explored this through two case studies: a top-down standardisation
approach in Australia and a bottom-up approach in the Netherlands. We conducted
36 interviews: twenty in Australia and sixteen in the Netherlands. The interviewees
were modellers using or having used the standardisation approach and developers
of the standardisation approach. All interviews were transcribed, after which we ex-
ecuted an inductive content analysis. The analysis resulted in the identification of
seven inductive axial codes: Development, Application, Advantages, Disadvantages,
Improvements, Risks and Updates. Based on these axial codes, we relayed how the
standardisation approaches were perceived in each case study separately. Addition-
ally, we compared the two case studies for these axial codes.

Our results indicate that for standardisation approaches to be implemented, consensus
is necessary. Just a decision is not effective to have the approach implemented, though
a consensus does not provide a guarantee either. The implementation can be catalysed
by a top-down approach or external factors, although site-specificity and different
methodologies might impede its development and implementation. The interviewees
value the potential benefits of standardisation, such as transparency or reproducibility.
Enough resources, proper maintenance and adaptability can promote the necessary
evolution of a standardisation approach.

Within this study, we took an individual perspective towards standardisation in the
interviews and analysis. However, it is important to include other perspectives, for ex-
ample as we did through the Human, Organisation, Technology fit framework. Even
though standardisation has many advantages, such as transparency and consistency,
standardisation also has potential risks and pitfalls. One is the assumption that one
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4.5 | Conclusion

approach is the most desirable, reducing the flexibility within the modelling process.
To account for site-specificity, modelling can strive for consistent inconsistency, mean-
ing that principles are similar, but the exact method not. The risks and pitfalls of
standardisation can lead to situations where certain stakeholders are overlooked or
certain methods lose value without any apparent reason. Therefore, standardisation
approaches, similar to models, are non-neutral tools, demanding careful development,
application, evolution and maintenance.
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Abstract

Within hydrological modelling, a persistent notion exists that a model is a neut-
ral, objective tool. The notion of neutrality in modelling has several, potentially

harmful, consequences. In the critical social sciences, the non-neutrality in methods
and research results has been a topic of debate for a longer period already. In order
to deal with this in hydrological modelling, we propose that the hydrological mod-
elling network can learn from critical social sciences. This is a call for responsible
modelling – modelling that is accountable, transparent and reproducible and this
responsibility is carried by all actors related to the modelling study. To support
our proposition, we have four pillars of arguments: the social aspects in hydrolo-
gical modelling, insights from the critical social sciences, building bridges between
sciences and reflecting on what the hydrological modelling network can learn. We
provide several actionable recommendations as a follow-up. The main take-away,
from our perspective, is that responsible modelling is a shared responsibility. We
address the complete modelling network – from commissioner, to modeller, to end-
user. We invite all actors to take up their share in establishing responsible modelling.

“She never could learn or understand anything
before she was taught;

and sometimes not even then”

—Jane Austen, Northanger Abbey (1818)
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5.1 | Introduction

Within hydrological modelling, a persistent notion exists that a model is a
neutral, objective tool (Chapter 1, Frigg & Hartmann, 2024; Savenije, 2009;

Wesselink et al., 2017). Although it is generally acknowledged that models influ-
ence society, for instance through decision support, this notion of neutrality presumes
that the model itself is not influenced by society (Wesselink et al., 2017). Part of this
also means that models are deemed to give clear unbiased information for decision
support. However, we argue that hydrological modelling takes place within a social
context (Krueger et al., 2012; Mayer et al., 2017; Melsen, 2022; Packett et al., 2020),
both the problems that are studied with models as well as the modelling process itself
(visualised in Fig. 5.1).

The notion of neutrality in modelling has several, potentially harmful, consequences.
Neutrality implies that all people and aspects are treated equally. This is not the case
(Doorn, 2017; Packett et al., 2020). For example, models are always simplifications
of reality, and therefore choices are made on what to represent in the model and
what not (Frigg & Hartmann, 2024; Refsgaard, 1996; Savenije, 2009). As a result, the
unrepresented processes and aspects are marginalised and become invisible. This can
result in injustices: some groups being overlooked, some interest being prioritised, or
some ways of understanding sidelined (Doorn, 2017; Zwarteveen & Boelens, 2017).

In the critical social sciences – the sciences dealing with critical questions of power
relations, especially oppression and domination (Watts & Hodgson, 2019), the non-
neutrality in methods and research results has been a topic of debate for a longer
period already (Mendelsohn, 1977; Latour, 1990; Law, 2004; Sismondo, 2011). Dif-
ferent disciplines within the critical social sciences, such as Science and Technology
Studies (STS) and political ecology, provide different insights into how to deal with
non-neutrality. In order to deal with this in modelling, we propose that the hydro-
logical modelling network – all actors, i.e. funders, commissioner, modellers, users,
decision-makers, involved in and influencing the modelling study – can learn from
critical social sciences. This is a call for responsible modelling – modelling that is
accountable, transparent, reproducible and that includes different perspectives – and
this responsibility is carried by all actors related to the modelling study.

We are aware that our argument is not new and has been brought up in different terms
and ways across the hydrological modelling network. Part of this comes from our own
contributions to this debate (this thesis, ter Horst et al., 2023; Melsen, 2022; Nabavi,
2022), but we also acknowledge active research communities in Australia working on
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Figure 5.1 | General overview of how the model and its context overlap and where our different argu-
ments are positionedwithin this. Themodel problem is the hydrological problem that is being studied
and modelled. The modelling network encompasses all actors, i.e. funders, commissioner, modellers,
users, decision-makers, involved in and influencing themodelling study. The argument numbers refer
to the arguments numbered in the text. 1) hydrological modelling problems are embedded within so-
ciety, with all its social processes. 2) the modelling process is a social product. 3) the social aspects
of hydrological modelling have ethical implications. 4) vocabulary to express the social aspects in hy-
drological modelling. 5) reflect on positionality and practice active reflexivity. 6) basic understanding
of critical social sciences. 7) education can facilitate the knowledge building. 8) structural changes in
the modelling network. 9) new avenues for research. 10) take responsibility for model results.

good modelling practices and model governance (Hamilton et al., 2022; Jakeman et al.,
2006, 2024), work done in Germany on situated modelling (Klein et al., 2024; Krueger
et al., 2012; Krueger & Alba, 2022), ongoing research in France (Molle, 2009; Venot
et al., 2014), Post-Normal science (Funtowicz & Ravetz, 1993; Petersen et al., 2011; van
der Sluijs, 2002) and sensitivity auditing (Puy et al., 2023; Saltelli & Di Fiore, 2023),
work done in the Chesapeake bay (Deitrick et al., 2021; Lim et al., 2023) and the Open
Modelling Foundation initiative (OMF, SA). This list is far from complete, but shows
the many different aspects that relate to our arguments. That being said, in practice
the effects of these studies have been limited (Grimm, 2020), and therefore we provide
here a clear overview of arguments to invite the hydrological (modelling) community
to start the conversation on the non-neutrality of models.

To support our proposition, we have four pillars of arguments: the social aspects
in hydrological modelling, insights from the critical social sciences, building bridges
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5.2 | Social aspects in hydrological modelling

between sciences and reflecting on what the hydrological modelling network can
learn. Within each of these pillars, we will provide several subarguments. The main
points of the subarguments are highlighted in bold. Figure 5.1 provides an overview
of our perspective and where our arguments are positioned in this.

5.2 | Social aspects in hydrological modelling

The first pillar supporting our proposition concerns the social aspects already present
in hydrological modelling. Showcasing how hydrological modelling already contains
social aspects can highlight the importance for the hydrological modelling network to
acknowledge that modelling is not a neutral, purely technical activity. This pillar is
underpinned by three arguments.

First, the problems hydrological modellers study are embedded within society, with
all its social processes (Arg. 1). Hydrological problems relate to society in many
ways. Water availability in rivers is impacted by land use changes (Teuling et al.,
2019; Wamucii et al., 2021). Unsustainable management of groundwater abstraction
has social and political consequences (Nabavi, 2018; Sanz et al., 2019). Or sea level rise
necessitates societies to adapt to the risks this brings (Irani et al., 2024; Kopp et al.,
2019). These examples led to the initiation of the field of socio-hydrology or hydro-
sociology (Sivapalan et al., 2012; Krueger et al., 2016; Melsen et al., 2018b; Ross &
Chang, 2020). These disciplines explore hydrological problems as integrated parts of
society and often use stakeholder participation as an approach to include the different
perspectives to an hydrological problem (ter Horst et al., 2023; Xu et al., 2018). A clear
example of the social embeddedness of hydrology is flooding. For instance, the floods
that occurred in parts of Germany and the Netherlands in the summer of 2021 caused
loss of life (Thieken et al., 2023) and extensive material and economic damages (Kok
et al., 2023). This shows how hydrological problems are part of society and can have
considerable impacts.

Second, the modelling process itself is a social product (Arg. 2), as it inherently
contains underdetermined decisions and social processes. Underdetermined decisions
arise from equifinality, meaning that certain options are not distinguishable from each
other and as such are not ‘objectively better’ compared to each other (Beven & Freer,
2001; Butts et al., 2004; Ward, 2021; Winsberg, 2012). Although equifinality is often
explored in the domain of parameter uncertainty, it can be extended to equifinality
in methods or approaches, which might still produce different results or conclusions.
Proske et al. (2022, 2023) also use the concept of equifinality when evaluating different
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5 | Reflecting and acting on the social aspects of modelling

model complexities. They show that the simplicity or complexity of the model does
not affect the model results substantially – the results are equifinal compared to each
other. Equifinality in modelling decisions leaves room for social processes to motivate
these, introducing subjectivity and inter-modeller variability (Chapter 2, Babel et al.,
2019; Krueger et al., 2012; Melsen, 2022). For example, the choice for model software
is often based on legacy – the institute a modeller works at determines which software
is used (Addor & Melsen, 2019). Additionally, choices made early on in the modelling
process can influence choices later on, creating so-called path dependency (Lahtinen
et al., 2017; Lenhard & Winsberg, 2010). For example, the chosen model software
limits the possible model settings (Chapter 2). Furthermore, Lane (2014) argues that
the hydrological modeller is not separated from society, and thus is not separated from
the problem they study. What these studies show is that the same modelling research
question would be answered with a different modelling approach, and therefore likely
different model results, at a different time and a different place.

Third, and this is where the previous two arguments come together, the social aspects
of hydrological modelling have ethical implications (Arg. 3), such as questions about
who is involved in the modelling and who benefits (Beck & Krueger, 2016). Due to
the modelling decisions and assumptions made (from Arg. 2), model results contain
a specific perspective of reality (Nabavi, 2022; Saltelli & Di Fiore, 2023). Choosing
this perspective means excluding or sidelining other perspectives. Stakeholder en-
gagement has the potential to bring these marginalised perspectives forward again
(Packett et al., 2020; Xu et al., 2018), although stakeholder engagement comes again
with its own challenges (e.g. Reed et al., 2009; Turnhout et al., 2020). As model results
have societal implications, injustices can occur (Thaler, 2021; Zwarteveen & Boelens,
2017). For example, models used in flood studies, which obviously can have high
societal impact, can cause injustices. They might for instance not consider informal
settlements in the floodplains, and as such marginalise inhabitants of those floodplains
(Wesselink et al., 2017).

5.3 | Insights from critical social sciences

Critical social sciences provide the tools and theoretical frameworks that can address
the social aspects of hydrological modelling. Here, we will highlight three.

First, the critical social sciences have the vocabulary to express the social aspects in
hydrological modelling. Different disciplines of critical social sciences can provide
various suggestions. This vocabulary is not (yet) common in the hydrological mod-
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5.3 | Insights from critical social sciences

elling network, even though similar concepts are addressed, albeit described more
elaborately. For example, when we just described ‘model results contain a specific per-
spective of reality’ in the previous section (in Arg. 3), we could have also used the term
‘situated’, which is also used in feminist theories (Haraway, 2013). This means that
model results are formed in a specific context. Another example is ‘ontology’, mean-
ing the study of the existence of things and what they look like (Frigg & Hartmann,
2024; Wesselink et al., 2017). With a model, a researcher studies what a hydrological
system looks like. The representations a researcher chooses are dependent on their
ontological view of the system. In more recent literature (e.g. Klein et al., 2024; Moon
& Blackman, 2014; Wesselink et al., 2017), some of the critical social science vocabulary
and concepts are related to the environmental sciences. Knowledge of this vocabulary
can enhance our understanding of and facilitate our discussion of the social aspects in
hydrological modelling (Laplane et al., 2019).

Second, social scientists often reflect on their positionality and practice active reflex-
ivity in their research (Arg. 5). A positionality statement is written to indicate how
they as researcher relate to the subject they study (Lin, 2015; Njeri, 2021; Soedirgo
& Glas, 2020). For example, critical social science disciplines using ethnographical
methods – observing subjects in their own environment – often include a positionality
statement, since the scientist’s background influences the observations and interpret-
ations they make. Hydrological modellers also have a personal perspective/position
(from Arg. 2) towards their subject through their own previous experience or the insti-
tute they work at or even their own personal interests and hobbies (Deitrick et al., 2021;
Melsen, 2022; Packett et al., 2020). Based on these experiences or contextual factors,
modellers tend to make decisions (Chapter 2, Krueger et al., 2012; Melsen, 2022; Sanz
et al., 2019). Reflecting on and being transparent about positionality can create more
transparency regarding this personal context and assumptions made (Blackett et al.,
2024; Klein et al., 2024; Wesselink et al., 2017). For example, Melsen (2022) includes
a brief positionality statement for the interview study she did, highlighting how her
own background has influenced the conducted interviews. Besides writing a position-
ality statement, active reflexivity – continual questioning of your own assumptions
and biases – should also be done throughout the modelling process (Soedirgo & Glas,
2020). This entails documenting assumptions, normalising reflexivity, engaging oth-
ers in the reflexivity and publishing reflexivity alongside the research. Publishing
reflexivity through a positionality statement means being vulnerable and open. This
vulnerability can build trust in how models are used, because it is more transparent.
Additionally, it can inspire others to also reflect on or to become more open about
their modelling practices and assumptions. As more people start to do this, it can
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5 | Reflecting and acting on the social aspects of modelling

slowly change practices in the whole modelling network.

Third, again combining the previous two arguments, basic understanding of critical
social sciences is needed to situate your own research in a broader context to under-
stand the possible positive and negative consequences of modelling and to be able
to identify who to empower and how (Arg. 6). This context is needed since hydro-
logical modelling addresses societal issues (from Arg. 1), the hydrological modelling
process is a social product (from Arg. 2) and the ethical implications model results
have (from Arg. 3). The necessary basic knowledge should entail knowledge to place
modelling results in the societal context (from Arg. 1) and reflect on potential ethical
consequences of the results (from Arg. 3), for example knowledge on flood warning
responses to understand what model results mean. In 1997, the National Weather Ser-
vice did not include the uncertainties when they issued a flood warning two months
in advance for the Red River, North Dakota, USA. Because of this, a town, Grand
Forks, thought it was safe. But, the actual flood reached the upper band of the uncer-
tainty range, resulting in flooding of the town and 75% of the houses were damaged.
Currently, the National Weather Service does provide that information (Silver, 2012).
Thus, executing an uncertainty analysis or not as a modeller can have ethical implic-
ations in society in water management (McMillan et al., 2017; Silver, 2012). Recently,
ethics of Artificial Intelligence has gained traction (Doorn, 2021; Maier et al., 2024;
Nabavi et al., 2024) and rightly so. However, surprisingly, very little is done on the
ethics of numerical (hydrological) modelling. Understanding of certain concepts of
critical social sciences can also ease reflecting on the subjectivity in modelling (form
Arg. 2). For instance, the vocabulary (from Arg. 4) can help expressing the subjectiv-
ity or help initiating reflexivity. Ontology – studying what something looks like –
can spark debate on the different perspective people have of a hydrological system
(Verzijl et al., 2023). A person living somewhere can define what a system looks like
differently than a researcher or tourist: more as a social, physical or technical thing.

5.4 | Building bridges between sciences

Different researchers have been trying to build bridges between disciplines (Krueger
et al., 2016; Pulkkinen et al., 2022; Ross & Chang, 2020; Rödder et al., 2020; Venot
et al., 2022; Zwarteveen & Boelens, 2017), but most remain within their own discipline.
Hierarchy of sciences – the idea that certain sciences, such as physics, have a higher
degree of consensus and scientific advancement than others, such as social sciences
– reinforces this way of thinking and acting (Comte, 1855; Cole, 1983; Fanelli, 2010;
Simonton, 2006). We propose two ways in which the hydrological modelling network
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5.5 | Reflecting on what the hydrological modelling network can learn

can increase the building of bridges to critical social sciences: first, through educa-
tion, which will instigate structural changes in the long-term and, second, through
structural changes that can have an immediate effect.

First, education can facilitate the knowledge building necessary to understand the
basic critical social science concepts (Arg. 7). Understanding basics of other sciences
can increase communication and effectiveness in future work situations, enhancing
inter-disciplinary collaborations (from Arg. 6). This knowledge building of social pro-
cesses and reflexivity needs to be practical and integrated within hydrological model-
ling education (Micheletti et al., 2024; Oldfield, 2022; Stefanidou & Skordoulis, 2014).
For example, the curriculum for hydrological modelling education should have re-
flexivity and responsible modelling integrated in its curriculum: within a modelling
course, the students learn to apply reflexivity as they model. Education should extend
to working professionals in order to keep up with new insights and to also incorporate
this knowledge in the current workforce.

Second, although education can help raise a new generation of hydrological modellers,
we need structural changes in the modelling network to facilitate the incorporation of
social aspects in daily modelling practices (Arg. 8). Structural changes can guide and
force the hydrological modelling network to adapt practices focusing on taking the
social aspects into account (Jakeman et al., 2024). For example, funding requirements
can include a positionality statement within the funding application (from Arg. 5) or
a research plan that specifically designates time for active reflexivity. Also, journal
requirements can be adapted to incorporate social aspects in hydrological modelling
more explicitly. Journals might start asking for a positionality statement as well, or
they can ask for documentation on assumptions in the modelling process.

5.5 | Reflecting on what the hydrological modelling
network can learn

Building a bridge to critical social sciences can improve transparency about the social
aspects of hydrological modelling. Also, considering and disclosing the uncertainties
associated with these aspects potentially creates more reproducibility. Increased trans-
parency and reproducibility can contribute to more productive scientific progress and
responsible policy making that can be justified.

Also, acknowledging social aspects in hydrological modelling can open new avenues
for research (Arg. 9). Critical social science understanding can move the hydrological
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5 | Reflecting and acting on the social aspects of modelling

modelling network towards more productively working on societal problems (from
Arg. 7). Through reflecting, modellers are incentivised to rethink their modelling de-
cisions. This might result in more robust and accountable modelling decisions. In
turn, this will provide more accountable decision support. Reflexivity highlights as-
sumptions made. Sharing these assumptions can streamline research with less redoing
of each other’s work (Laplane et al., 2019). It is easier to know what has or has not
been done before and to have the ability to complement each other because of that
knowledge. Different researchers would facilitate diversity in approaches and there-
fore give a more complete picture (Baldissera Pacchetti et al., 2024). Additionally, it
could be that new research will specifically look for diversity, instead of a universal
model (Baldissera Pacchetti et al., 2024; Horton et al., 2022; Savenije, 2009). Flexibility
can also be introduced through modular modelling frameworks (Clark et al., 2008;
Craig et al., 2020; Fenicia et al., 2011). This diversity can encompass the different
contexts in which the modelling is shaped or in which the modelling is used.

With more transparency on the social aspects of hydrological modelling, modellers
and also funders, commissioners and decision makers can take responsibility for
model results (Arg. 10). This should be a shared responsibility, not just the model-
ler’s. The interplay between these actors can create dynamics influencing the model-
ling. This interplay should be made more visible (from Arg. 5). Structural changes in
the modelling network (from Arg. 8) can facilitate this. Due to the transparency, mod-
elling results will be more retraceable, and the limitations of a modelling study are
more evident. Including the social context within the modelling process, can provide
better information for decision/policy makers. Having modellers reflect on their on-
tology of a hydrological system will help in their ability to recognise how their model
results are partial and might have looked different with another ontology. Being aware
and transparent of this contributes to decision makers being able to justify their policy
decisions. For instance, after flooding in Brisbane and surrounding, the model results
were questioned and the organisations behind them were held responsible (Supreme
Court of New South Wales, 2021). This example shows that the organisations using
and providing model results need to be able to take responsibility of them. Sharing
responsibilities can take many forms, but it starts with curiosity for and openness to
knowing, understanding and taking action on the social aspects of hydrological mod-
elling. Another example, outside of hydrology, is that the modellers that simulated
the nitrogen emissions for a newly planned airport in the Netherlands were investi-
gated by the Public Prosecution Service, because there were clear indications that all
modelling decisions were made such that the nitrogen emission was as low as possible
(Adecs Airinfra Consultants, 2021; NOS Nieuws, 2022). Not surprising perhaps, if the
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5.6 | Invitation to start acting

executing company sells themselves as "aviation lovers", but also the result of a com-
missioner that has certain interests. As such it is a clear example of how modellers
can be held accountable for their model results, while they also face forces from, for
instance, funders.

5.6 | Invitation to start acting

From the arguments we have provided in the previous sections, we can derive possible
tangible actions that can be implemented by different actors in the modelling network.
This list of actions is not exhaustive. As potential follow-up actions, we recommend:

• If you are a model user (i.e. someone who analyses and uses model results), you
can consider asking the modeller for their assumptions and how the modelling
process was executed (based on Arg. 2).

• If you are a modeller, you can consider to start reflecting on your positionality
and consider to include a positionality statement in your next modelling study.
How did your experience and position in society influence how you approached
this study? (based on Arg. 5)

• If you are teaching the next generation of hydrological modellers, you can con-
sider incorporating reflexivity practices or critical social science vocabulary and
concepts in your lecture, computer practical, course, or curriculum (based on
Arg. 4, 5, 6 and 7). For instance, York et al. (SA) are working on a so-called
‘recipe’ book, from which teachers can drawn inspiration for incorporating STS
(one of the critical social science disciplines) modules in their course. We, as the
authors, were not able to find many or any examples in actual courses. There-
fore, we would also recommend sharing different experiences with or examples
of incorporating this in courses.

• If you are a commissioner, you can consider allowing for more time or funding
during projects for including reflexivity in the modelling process or writing a
positionality statement (based on Arg. 5 and 8). You can also consider to change
your project requirements to include reflecting on positionality.

• If you are overseeing a modelling team, you can consider having a discussion
on internalised assumptions in your way of working, also known as entrenched
workflows (based on Arg. 2, Levine & Wilson, 2013), and on the potential im-
plications of your modelling work (based on Arg. 3).
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5 | Reflecting and acting on the social aspects of modelling

These follow-up actions sound like a recipe. However, in this whole opinion pa-
per, we have advocated and shown that hydrological modelling is context dependent.
Therefore, we acknowledge that anyone implementing these potential actions needs to
navigate their own working environment. More importantly, this list is not definitive;
we invite you to explore and discuss this topic further and come up with your own
ways of incorporating the different insights from the critical social sciences.

5.7 | Conclusion

In this chapter, we argue why and how we think the hydrological modelling net-
work, which we define as all actors, i.e. funders, commissioner, modellers, users,
decision-makers, involved in and influencing the modelling study, can benefit from
some practices used in the critical social sciences. To support this, we have four pil-
lars of arguments: the social aspects in hydrological modelling, insights from critical
social sciences, building bridges between sciences and reflecting on what the hydrolo-
gical modelling network can learn. Based on these arguments, we provide some tan-
gible follow-up actions targeting the whole modelling network to promote respons-
ible modelling – modelling that is accountable, transparent and reproducible. This
responsibility is carried by all actors related to the modelling study. Even though we
focused on the hydrological modelling network, these lessons are also applicable to
other modelling communities.

The main take-away, from our perspective, is that responsible modelling is a shared
responsibility. We realise that modellers tend to already bear a lot of the responsibility
and are the easiest ones to ask actions from. Substantial change is not possible without
also addressing the other actors in modelling studies, such as educators, funders or
supervisors. Therefore, we address the complete modelling network. We invite all
actors to take up their share in establishing responsible modelling.
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6 | Synthesis

“Every qualification is raised at times,
by the circumstances of the moment,

to more than its real value.”

—Jane Austen, Sense and Sensibility (1811)

6.1 | Summarising this thesis

In this thesis, I explored how hydrodynamic decision-support modellers motivate
modelling decisions and how they perceive standardisation approaches of the

modelling process. Inter-modeller variability introduces differences in model results.
To be able to put the results in perspective, it is important to understand the mod-
eller’s motivations behind their modelling decisions. Standardisation approaches are
being implemented to counter this variability. Since modellers need to implement
these approaches in their practice, the question is how they perceive them.

First, I analysed the motivations behind modelling decisions in Chapter 2. Second,
I studied how modellers perceive automation as a standardisation approach
(Chapter 3). Third, I researched how modellers perceive bottom-up and top-down
standardisation approaches (Chapter 4), respectively a Dutch modelling guideline and
an Australian common modelling framework. In Chapter 5, I combined my findings
and insights of Chapters 2 - 4 to give recommendations for moving forward in the
hydrological modelling community.

Because the water management context will vary, so will the considerations and mo-
tivations. Deitrick et al. (2021), also, indicated that other case studies will improve
our general understanding of this topic. I have explored one case study with regards
to modelling practices and two concerning modelling standards. Furthermore, I have
interpreted and analysed these case studies from my own perspective and with my
own background and experience, but other researchers might have done this differ-
ently. Hence, it might be good to explore other water management contexts by other
researchers. Additionally, I only analysed the modelling practices at the time of the
interviews, which can also be extended with exploring how motivations can change
over a modeller’s career. Regarding standardisation approaches, I explored the mod-
eller’s perspective of this at one point in time. However, standardisation approaches
will likely evolve over time in response to modellers’ perceptions. Thus, it would be
interesting to analyse how a modeller’s perspective and a standardisation approach
change and evolve together.
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6.2 | Combining practices and standards

Finally, in this chapter, I synthesise and combine these different findings. First, I relate
both the modelling practices and standardisation to each other. Second, I reflect on
positionality, both my own during this PhD and postitionality generally in modelling.
Third, I will look at how models are used in decision support. Finally, I will conclude
this thesis by evaluating ‘Modellers as Influencers’.

6.2 | Combining practices and standards

Within this thesis, I have mostly addressed my findings on practices (Chapter 2) and
standards (Chapter 3 and 4) separately. I have built my reasoning for looking into
standardisation on the fact that inter-modeller variability exists in modelling practices
and increasing the justifiability and transparency of modelling results. This connection
from inter-modeller variability to standardisation for more justifiable and transparent
model results indicates a link between practices and standards. Moreover, as I have
argued before, I analysed how modellers perceive standardisation, because it influ-
ences their practices. As such, it is obvious multiple links exist between practices and
standards. Therefore, my findings also need to be related.

First, I found that social aspects play a role in practices and standards (mainly sub-
jectivism). Chapter 2 shows how the individual modeller and the modelling team
are the main motivation categories for modelling decisions, influencing the modelling
practices. The implementation of standardisation approaches depends partially on
how the modellers implement and perceive it (Chapters 3 and 4). As much as models
can marginalise certain perspectives on the world by simplifying certain aspects of the
real world, standardisation can marginalise certain modelling practices by making a
certain practice the desired one.

Second, my findings show that the broader context proves to be important in practices
and standards (relativism). For the practices, the individual and team motivation be-
hind modelling decisions are limited by other considerations in the modeller’s broader
context, such as organisations or national agreements (Chapter 2). For the standardisa-
tion approaches, their development and implementation depends partially on external
factors, such as resources for maintenance or enforcement by law, because these can
catalyse these (Chapter 4). Modelling activities are not solely determined by mod-
ellers and their model, but are part of a broader context that shapes the boundary
conditions.

Third, both practices and standards show forms of consistent inconsistency. An in-
dividual modeller often relies on their own common practices and experiences to
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apply consistency in their modelling. But, they do take the differences for each mod-
elling project into account (inconsistency), adapting their modelling strategies to it
(Chapter 2). In Chapter 4, I argue that standardisation should take site-specificity into
account (inconsistency), but a similar modelling practice is striven for through e.g.
standardisation (consistency). More transparent and justifiable modelling is partially
balancing the consistency and inconsistency within each modelling study.

Finally, modelling and standardisation are both forms of pattern seeking (mainly con-
structivism). Asking for consistency, for example through standardisation, is asking
for a pattern and allow the developers and users of standardisation approaches to
remain in the technical aspects of modelling (Alder & Wise, 1995; Wears, 2015). In
modelling, a pattern is sought through the representation of the hydrological system
chosen. Pattern seeking is a common characteristic within modelling activities.

I think it is important to recognise that human-beings seek patterns in everything, be-
cause it makes the complex, uncertain world more comprehensible (Andrienko et al.,
2022; Kim et al., 2020; Leamer, 2009). I do this as well within this thesis: in every con-
tent chapter (Chapters 2 - 5) I have made a graphic or illustration, which is organising
my findings as comprehensibly as possible in a pattern I perceived. Recognising pat-
terns is done from an individual’s perspective on objects, data or processes. Savenije
(2009) and Beven (2007) pointed out that hydrologists cannot observe the hydrological
process at the same scale as our model represent them. To be able to observe them,
we need to zoom out. Zooming out is also required to recognise our own patterns,
assumptions and biases in our modelling practices. This can improve understanding
of and potentially lead to changes in our patterns, assumptions and biases. Hence,
unless the broader context and the personal influence are acknowledged in practices
and standards (zooming out), hydrological modelling will stay in a positivist mindset.

6.3 | Reflecting on positionality

6.3.1 | My own positionality

To zoom out for my own thesis, I will reflect here on my own personal influences and
context. These have influenced how I executed the research for this thesis.

Being Dutch and growing up in the Netherlands resulted in me knowing the Dutch
system fairly well (subjectivism and relativism). This aided me in preparing and con-
ducting the interviewees in the Netherlands. But for the Australian interviewees, I
had to put in extra effort to understand their system. This insider or outsider per-
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6.3 | Reflecting on positionality

spective has influenced the questions I was able to ask and the level of detail I was
able to understand and question about. During the Dutch interviews, I was able to
ask more specific questions more quickly, which meant it was sufficient to conduct
less interviews. However, I might have sometimes not asked the follow-up question,
because I made the assumption of already understanding (partially also to keep time).
I think it is possible to do this research both as an outsider and insider, because both
perspectives bring their own opportunities and challenges. As an insider, I have to
keep questioning my assumptions, but it is easier to connect with interviewees and
prepare for the interviews. As an outsider, I do have to put in more effort to under-
stand the system and align the interviews. For example, for my Australian interviews,
I took a road trip with different guided tours by local experts to understand the hy-
drological system better. Also, I had some informal meetings with experts to improve
my understanding of the physical and political system. Finally, my native language
is Dutch, but my education has been mostly in English. Therefore, in some ways, the
Dutch interview were slightly easier with just general conversation, but the Australian
interviews were easier regarding the hydrological jargon.

Throughout my studies, I focused on climate and water, studying both the environ-
mental and social aspects (subjectivism). In my BSc thesis, I conducted several inter-
views, while in my MSc thesis, I executed a modelling study (Remmers et al., 2020).
Immediately after my MSc, I started wit my PhD at the Hydrology and Environmental
Hydraulics group at Wageningen University. Having this mixed background allowed
me to 1) connect with the interviewees on what it means to use models and 2) build
on my basic knowledge of conducting interviews. However, this also meant that I
am not a complete expert on both subjects. Still, in some interviews, this gave me
the opportunity to let the interviewee explain more and use my (assumed) lack of
knowledge to my advantage.

Due to my questions, some of the interviewees mentioned at the end of the interview
that it was informative, for example, regarding the reflection on their own modelling
decisions or in the casual talk, not included in the interview, to hear about my work.
Most of the interviewees also have a natural science background with a positivist
viewpoint. Hence, reflecting during the interview might have changed their perspect-
ive slightly. But, I do not think I interviewed the strict positivist modellers, because
those probably would not have wanted to participate in my interviews. One way to
reach potential interviewees was to pose an open question in the hydrodynamic mod-
elling project I was involved in. Besides this, I targeted people personally who I, my
supervisor and co-authors thought would be willing to participate. Still, one person I
personally emailed did refuse to participate, because they did not think my research
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would have any added value.

Not being a full expert in one of the social sciences, I do not have the necessary
(detailed) knowledge of the social sciences and the relevant concepts for my work
(subjectivism). As such, I am a great example for my argument in Chapter 5: I would
have benefited from having known more concepts and practices of the critical social
sciences. Unfortunately for me, no one in my direct working environment had this
expertise either. I had to actively search for and learn these concepts. Even at the time
of writing this, I have not completely taken up this necessary knowledge; I would
still need a cheat sheet. For example, I enlisted the help of a science philosophy
professor to check Section 1.3 on its correctness. For Chapter 5, I have enjoyed bringing
together the different perspectives of all my co-authors, since all of them have a certain
expertise that I do not have. The social scientists as co-authors complemented my
expertise very well in that regard. For me, it is still an ongoing process to take up
the insights I detailed in Chapter 5, such as learning how to actively reflect, write a
positionality statement or learning the basic concepts.

Finally, working in a hydrological group and studying physical sciences (relativ-
ism) biased my way of thinking at the beginning towards hydrological modelling
and the related assumptions (positivist, post-positivist mindset and results are object-
ive/neutral), as I explained in Chapter 1. However, due to my experiences throughout
and research for my PhD (subjectivism and constructivism), I have moved away from
the (post-)positivist perspective. For example, by interacting with other experts within
and outside my own discipline, I have seen how research is shaped by the individual
and by the individual’s environment, and how research is constructed. Even just con-
ducting the interviews has changed my mindset to be more questioning about how
I do things and make my decisions. This can have a paralysing effect (not recom-
mendable). Therefore, I think a healthy dose of pragmatism is also necessary, but
I have not mastered this quite yet either. Currently, I find myself moving between
three philosophies: Constructivism, Subjectivism and Relativism with still a hint of
post-positivism.

6.3.2 | Positionality in modelling

As argued in Chapter 5, modellers can also write a (short) positionality accompanying
their modelling study. A positionality can elucidate their own stance towards a project
(Lin, 2015; Njeri, 2021; Soedirgo & Glas, 2020). I have found it a valuable tool to reflect
on my own stance and assumptions, though I think it would have been useful to
have been more actively reflexive throughout my PhD. For example, before doing my
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6.3 | Reflecting on positionality

research stay in Australia, I think it would have been helpful to more explicitly state
my outsider perspective for myself. I was not familiar with this way of working, and
I did not put in the effort to learn and apply it during my PhD. Even now, as I am
writing this positionality and reflecting on my background and positionality, I have
mainly touched upon how I as an individual influenced my PhD (subjectivism and
constructivism).

There are also processes in the broader context that shape everyone’s philosophical
world views or in this thesis, modelling point of views (relativism). One way to think
about the broader context in a positionality is as ‘sedimentation’ (Merleau-Ponty, 1945).
Similar to a riverbed forming sedimentary layers because of the sediment that moves
through, values and beliefs become ‘sedimented’ in (modelling) cultures. A new value
or belief forms a new sediment layer in the culture, because they are introduced by
new sediment at one point. Over time, multiple values or beliefs become embedded
in the culture or riverbed on top of and mixed through each other. The people grow-
ing up in that culture – in this case, the people being educated or working in that
culture – internalise these values and beliefs in their own thoughts and ways of work-
ing. Another way to describe this is workflow entrenchment (Levine & Wilson, 2013).
In hydrology, one example is the existence of different schools in how detailed hy-
drological models ideally should be: ranging from bucket models (Perrin et al., 2003)
to 3D grid models (Samaniego et al., 2010a,b). Other examples of entrenchment are
that calibration is a standard procedure or that streamflow is the main focus of many
hydrological studies. Being transparent about your modelling school can be a part of
a positionality. For the people in these schools and cultures, it might seem that the
riverbed is unchangeable. However, exchanging values and beliefs – each others sedi-
mentary history – will expose the individual’s assumptions in research and modelling
studies.

Being transparent about your own assumptions and personal background can lead
to the idea that anything would go, in the sense that being transparent will give a
pass for whatever is done. This clash between acknowledging the situation and any-
thing goes is shown in the debate around situation ethics (Dupre, 1967; Munteanu
et al., 2015; Raskin & Debany, 2018). Proponents claimed that the ethical thing to
do in any situation is completely dependent on the specific situation – taking into
account the characteristics and needs of that specific situation. Translated to mod-
elling, this would mean that a modeller can tailor their modelling process based on
the requirements of the modelling problem. Opponents of situation ethics claimed
that this type of ethics or reasoning could be used to justify that ‘anything goes’. In
modelling, anything goes can mean that any model, tool or script can be used in any
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6 | Synthesis

situation. However, this is not how responsible modelling is executed, because mod-
elling decisions need to make sense within the given situation – they need to be fit-
for-purpose (Hamilton et al., 2022). The fit-for-purpose framework acknowledges that
modelling is situational, but it does say it needs to fit the local purpose. As such, it
counters the notion that ‘anything goes’ in hydrological modelling. The interviewees in
Chapter 2 also highlighted this by motivating their modelling decision with ‘Depends
on the area/goal/project/situation’. This indicates that for them modelling decisions need
to fit the purpose of the specific modelling study. However, making these decisions
to create situation-dependent fit-for-purpose models does not take into account inter-
modeller variability, so in the same situation, modellers still make different decisions.
Writing a positionality statement is one tool to improve transparency in the context of
and the accountability of the model results.

However, most modellers, like I was, are not familiar with positionality statements or
even reflexive modelling (Glattfelder, 2019; Klein et al., 2024; Laplane et al., 2019). This
does reiterate the point of integrating these topics in the curriculum of hydrological
modelling (Chapter 5). Reflexive modelling can also accentuate during the modelling
process what choices modellers make. This might prompt modellers to reexamine
their decisions, which might lead to more accountable and transparent modelling
used for decision support.

6.4 | Using decision-support models

In water management, hydrological model results are used to support decision mak-
ing. As models have been used frequently and for a long period (Burt & McDonnell,
2015; Horton et al., 2022), a model’s usefulness can be taken for granted and its usab-
ility taken as it is (Devi et al., 2015). However, in applying a decision-support model
now, using it is the foremost driver (Savenije, 2009). Useful, usable and used are three
terms that are often thought of in succession: first useful, then usable and finally used
(Aitsi-Selmi et al., 2016; Boaz & Hayden, 2002).

In decision-support modelling, however, useful, usable and used are not explicitly
called for when applying models or certain modelling tools. The fact that models are
so frequently applied (Burt & McDonnell, 2015) strengthens general perceived use-
fulness of them, and consequently increases their even more frequent, and perhaps
unquestioned, usage further. Of course, there still needs to be some usefulness and
usability present in the beginning, but it mainly starts with the fact that the modelling
is deemed to be required and to be used. For example, Chapter 2 shows that feas-
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6.4 | Using decision-support models

ibility, for instance the consideration of time and availability, was a more important
consideration than reliability or usefulness. This focus on feasibility shows that mod-
els usage is an important driver in making modelling decisions. External factors, such
as legacy (Addor & Melsen, 2019) or data availability (Melsen, 2022), limit the capacity
of prioritising useful and usable before used. Nielsen (1995) studied how usability of
tools translates to them being used. He found that costs of the tool and having a spe-
cific need for a tool were determining factors in whether a tool was used or not. So,
useful and usable are not a the forefront initially when executing a modelling study
for decision support.

After or as a modelling tool is adopted in modelling practices, it can be developed
further to increase its usefulness and usability. Chapter 3 highlights that automation
is often developed more crudely in the beginning to use right in the moment. After-
wards, scripts are polished up and made more usable, as their usefulness is proven
further. In the Australian case study of Chapter 4, the initial users of the common
modelling framework had to report bugs and errors to improve the usability. Ad-
ditionally, some features were initially not present in the framework, which made
the framework seem less useful for some users. As these features were implemen-
ted, the usefulness increased, but the general usability decreased, as the framework
became computationally heavy to run. So, the framework is used due to the top-
down approach, but the usefulness and usability are still being improved on. This
also demonstrates that the perspective on usefulness and usability of models differs
between individuals and organisations.

However, perhaps different levels of usefulness and usability are enough for creating
accountability in decision-support modelling depending on the situation. Savenije
(2009) noted that modellers in water management have a different purpose associated
with modelling than scientific modellers. Scientific modellers want to understand
what is wrong with a model and want to improve it. While in water management,
models are viewed as pragmatic tools, which need to have been established as reliable
in the decision-support modelling network. For decision support, accountability and
justifiability of the modelling results also play an important role, which usefulness and
usability can impact. Usefulness can increase the justifiability through showing better
how a model can be fit-for-purpose. Usability can increase accountability through
potentially creating a more transparent and explainable modelling process. However,
if models are perceived as pragmatic tools in decision-support modelling (Savenije,
2009), then maybe pragmatism is another factor to be considered besides usefulness
and usability in decision-support modelling.
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6 | Synthesis

Standardisation can also be implemented to increase justifiability and accountability,
as shown in Chapters 3 and 4. In theory, I am not against implementing standardisa-
tion as it potentially creates transparency, reproducibility and consistency (Chapters 1,
3 and 4). These aspects can all aid in improving justifiability and accountability of
modelling results. But, I am sceptical how it will work out in practice, especially in
the long term, because Chapters 3 and 4 show that certain requirements need to be
met, such as good documentation and ample resources. Furthermore, standardisation
is also a social construct and has social implications through for example marginal-
isation of both modelling practices and consequently perspectives of the real world
through simplifications in the ‘desired’ modelling practice. Therefore, standardisation
is a non-neutral tool (Chapters 3 and 4) and it is not a panacea. As such, I would
recommend to be careful with its development and implementation.

As I have reflected on useful, usable and used models, I like to do the same for this
thesis. It is useful: it has highlighted the social aspects in modelling practice and
standards. Its usability is probably quite low. In Chapter 5, I give some concrete
suggestions for how to use critical social sciences in the hydrological modelling com-
munity. This (partially) covers how to deal with social aspects in modelling practices,
but not in standards. Currently, my findings are not used. I could be kind and say
‘Give it more time’, because I have only just finished this PhD thesis. However, to be
realistic, creating science that is used, especially science challenging the status quo, is
quite challenging.

So, after reflecting on useful, usable and used aspects of my thesis, I would recom-
mend increasing the usability and implementation of my thesis. This would require
coming up with actionable points beside those in Chapter 5 and spreading the word
on these usefulness and usability of these action points. Including other experts be-
sides modellers and social scientists, such as outreach coordinators, implementation
strategists and organisational leaders, might help tackle the different challenges along
the way. This would call for a lot of funding and time, because the people involved
need to get some financial compensation and organising all these different experts
and making things usable and used will require an iterative process of creating, im-
plementing and reflecting on possible action points. Therefore, I do not think it is
very realistic, but perhaps if it is addressed one step at time. And maybe, due to my
interactions with others during my PhD, I might have planted some seeds for them to
incorporate small parts in their daily practice.
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6.5 | Modellers as influencers?

But even with models established as tools in decision support, modellers can act as
influencers – the ones influencing. So, how can modellers act as influencers? I will
explore this question from three points of view: modellers as infuencers within the
modelling process, on decision making and when zooming out to society.

First, just looking at the modeller and the model combined, the modeller can act as
an influencer. As Chapter 2 shows the Individual motivation category is the largest
of the eight motivation categories. Henckens & Engel (2017) showed in a benchmark
study that the influence of modellers is larger than the influence of the model. Still,
it is not the only motivation category and more importantly, their sphere of influence
in the modelling process is largest in the model implementation step. In other mod-
elling steps, such as choosing model software or forcing data, the other motivation
categories are more influential. Also, for standardisation, the modeller influences how
they implement it and they have some influence on what the standardisation approach
might look like (Chapter 3 and 4). However, Chapter 3 shows that automation can
only be seen as a standardisation approach at the (inter-)organisational level. Addi-
tionally, Chapter 4 shows that external factors, such as governmental pressures, are
necessary to develop and implement any standardisation approach. These chapters
clearly show that, indeed, modellers can act as influencers within their own sphere,
but this is limited by external factors and considerations.

Moving towards a broader perspective, where model results are used for decision-
support, modellers do retain some influence. Model results are considered by decision
makers. On top of that, modellers determine how their model results are interpreted
and presented. However, many other aspects besides hydrological model results are
also considered in decision making, such as time and resources available, other model
results from different disciplines and different stakeholder priorities (Darling, 1945;
Connell & Grafton, 2011). Thus, modellers still have a sphere of influence on decision
making through the model results that support this. However, this is substantially
limited by other societal factors and priorities.

From a more negative point of view, it can even be said that modellers are influenced.
For example, the philosophical concept sedimentation explains how one grain in a
river is influenced by the river itself, such as its history or the other grains, while at
the same time also influencing the course of the river. In a similar fashion, a modeller
is influenced by the team and organisation they work in – the other grains – through
internalising the common practices. Also, a modeller is influenced through their own
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6 | Synthesis

experiences – their history, such as their education and previous working situations.
And finally, a modeller is influenced by society itself - where modelling is a generally
accepted method, funding and power are redistributed, and certain ideas or concepts
are prioritised. The Lelystad airport example, described in Section 5.5, clearly shows
that certain interests of the people who fund the study are served. Due to these
influences, a modeller’s modelling practices are shaped. Therefore, one could even
say that modellers are influencees – the ones being influenced, since society and the
modelling ecosystem shape the modellers maybe even more than the modeller shapes
the model. As such, in summary, modellers have their own sphere of influence in the
modelling process and outside of it, but this is bound and influenced by the societal
context.
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General appendix: A - Interview guides

Interview guide - Modellers NL

The interview guide consisted of three parts: an introductory part covering the
background of the interviewee, a specific part covering the full modelling process
and a final part concerning general question about modelling. The questions are
subdivided in main questions and subquestions to probe the interviewee if necessary.

Questions regarding the background:

1. How would you describe your current position?

2. What is your background?

a) Have you worked at other companies/institutes before?

b) Where and what did you study?

3. Can you describe your experience as a modeller?

a) Which type of models?

b) Which models models exactly?

c) How many years?

4. For which type of questions do you use a model?

For interviewees from water authorities, we also asked how much and which parts of
the modelling were done in-house or externally.

Questions about the full modelling process:

Model Software

1. Which software do you generally use?
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2. How did you make this decision?

a) Why this software?

b) Are there other options?

c) Why for this purpose?

3. Did you have certain settings in your model?

a) If no:

i. Why not?

ii. When would you have certain settings?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. Why these settings?

ii. In which situation(s) might you chose different settings?

iii. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

4. In which situation(s) might you chose a different software?

Forcing Data

1. Which forcing data do you generally use?

a) Type?

b) Source?

c) Resolution of data, spatial and temporal?

d) Availability?

2. How did you make this decision?

3. In which situation(s) might you chose different data?
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4. Do you think this step can be automated in the future?

a) Why (not)?

b) To what extent?

c) What are possibilities for automation?

5. Do you perform any pre-processing on the forcing data?

a) If no:

i. Why not?

ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. How do you generally execute any pre-processing?

ii. How did you make this decision?

iii. In which situation(s) might you chose a different method?

iv. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

Static Data

1. Which static data do you generally use?

a) Type?

b) Source?

c) Resolution of data, spatial and temporal?

d) Availability?

2. How did you make this decision?

3. In which situation(s) might you chose different data?
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4. Do you think this step can be automated in the future?

a) Why (not)?

b) To what extent?

c) What are possibilities for automation?

5. Do you perform any pre-processing on the static data?

a) If no:

i. Why not?

ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. How do you generally execute any pre-processing?

ii. How did you make this decision?

iii. In which situation(s) might you chose a different method?

iv. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

Observation Data

1. Which observation data do you generally use?

a) Type?

b) Source?

c) Resolution of data, spatial and temporal?

d) Availability?

2. How did you make this decision?

3. In which situation(s) might you chose different data
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4. Do you think this step can be automated in the future?

a) Why (not)?

b) To what extent?

c) What are possibilities for automation?

5. Do you perform any pre-processing on the observation data?

a) If no:

i. Why not?

ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. How do you generally execute any pre-processing?

ii. How did you make this decision?

iii. In which situation(s) might you chose a different method?

iv. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

Simulation Period

1. What simulation period do you generally use?

2. How did you make this decision?

3. In which situation(s) might you chose a longer/shorter period?

4. Do you think this step can be automated in the future?

a) Why (not)?

b) To what extent?

c) What are possibilities for automation?
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Temporal Resolution

1. What temporal resolution do you generally use?

2. How did you make this decision?

3. In which situation(s) might you chose a different resolution?

4. Do you think this step can be automated in the future?

a) Why (not)?

b) To what extent?

c) What are possibilities for automation?

Spatial Resolution

1. What spatial resolution do you generally use?

2. How did you make this decision?

3. In which situation(s) might you chose a different resolution?

4. Do you think this step can be automated in the future?

a) Why (not)?

b) To what extent?

c) What are possibilities for automation?

Sensitivity Analysis

1. Is this a step you normally execute?

a) If no:

i. Why not?

ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?
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b) If yes:

i. How do you generally execute any sensitivity analysis?

ii. How did you make this decision?

iii. In which situation(s) might you chose a different method?

iv. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

Calibration

1. Do you normally calibrate the model?

a) If no:

i. Why not?

ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. How do you generally execute any calibration?

ii. How many parameters do you calibrate on?

iii. How did you make this decision?

iv. In which situation(s) might you chose a different method?

v. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

Uncertainty Analysis

1. Is this a step you normally execute?

a) If no:

i. Why not?
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ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. How do you generally execute any uncertainty analysis?

ii. How did you make this decision?

iii. In which situation(s) might you chose a different method?

iv. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?

Validation

1. Is this a step you normally execute?

a) If no:

i. Why not?

ii. When would you pre-process the data?

iii. If this step were to be automated would you use it / execute this step?

A. Would you find this useful?

B. Why (not)?

b) If yes:

i. How do you generally validate the model?

ii. How did you make this decision?

iii. In which situation(s) might you chose a different method?

iv. Do you think this step can be automated in the future?

A. Why (not)?

B. To what extent?

C. What are possibilities for automation?
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Results/Conclusion

1. How do you reach your final conclusions?

a) Purely the model?

b) Multiple model runs?

c) Expert judgement in combination with the model?

Questions regarding modelling in general:

1. Do you have confidence in a model and its simulations?

2. How doe you estimate your influence as a modeller on the final outcomes?

a) If another modeller would have executed the same study, would the results
be different?

b) And what about the conclusions?

3. How do you estimate the influence of a modeller on the model in comparison to
the programmer?

4. Does your organisation use a certain modelling workflow?

a) If yes, what does it look like?

b) What is it based on?

5. Are you familiar with the Dutch handbook ‘Good Modelling Practices’? This
was published by STOWA.

a) If no:

i. What would a handbook be useful for?

ii. In what format would you use a handbook?

b) If yes:

i. Have you used it in the past? Why (not)?

ii. How could the handbook become more relevant for practical use?

6. Do you have any further remarks or additions?
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If it became apparent that automation scripts were already being used, these addi-
tional follow-up questions would be asked:

1. What has been automated?

2. What is it based on?

3. How long do you already use it?

4. How is the automation script maintained?
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Appendix of Chapter 2: A - ATLAS.ti Codes

The inductive content analysis used in Chapter 2 resulted in 96 codes. These codes
covered the motivations our interviewees discussed. These codes are detailed in
Table 1. For each code, the table contains the following characteristics: Code Name,
Description, Count and (Motivation) Category. The codes are grouped per motivation
category: Individual, Team, Organisational, External, Commissioner, International,
National and Consequential. After this, codes regarding Vision are included. At the
end, we included multiple codes that were not divided in a category (labelled Miscel-
laneous).

Table 1 | List of the inductive codes used in the content analysis of Chapter 2. The codes are grouped
per motivation category, indicated in the last column. This column also specifies in brackets the re-
quirement for the fit-for-purpose framework we aligned this code with. The U stands for Usefulness,
R for Reliability and F for Feasibility. If no letter is included, we were unable to group this code in one
of the fit-for-purpose requirements. In the third column, the number of occurrences of the codes is
detailed.

Code Name Description Count Category

Based on the
data

Depending on the data, a modeller
makes a choice

9 Individual, Team
[R]

Computational
time

The total computational time is
taken into account when making a
decision

59 Individual, Team
[F]

Create under-
standing

To get a (quick) understanding of
how the model functions or what
the hydrological processes are

7 Individual, Team
[R]

Data suitabil-
ity

If the data is suitable or represent-
ative for a certain modelling applic-
ation

5 Individual [U]

Does not re-
quire much at-
tention

According to the modeller, this as-
pect does not need much attention

1 Individual

Ease of use How simple it is to implement a
method during the modelling pro-
cess

7 Individual
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Code Name Description Count Category

Glad if calibra-
tion works

The modeller is glad that the calib-
ration works and is able to obtain
results from it

2 Individual

Hardly mat-
ters

The modeller thinks there will be
no or hardly any difference

13 Individual [F]

Hydrological
knowledge /
processes

A modeller’s knowledge of the hy-
drological processes

42 Individual, Team
[R]

I don’t know The modeller does not know the
motivation behind this decision
(anymore)

27 Individual

Importance
for area

It is deemed necessary for the area
the modeller models

5 Individual, Team
[R]

Knowledge of
area

The knowledge someone has of an
area

19 Individual, Team
[R]

Logic By thinking logically something
can be determined, i.e. common
sense

9 Individual [R]

Most up-to-
date

This is the newest version available 13 Individual, Team
[F]

No experience A modeller has no experience, so
modellers do not ask for or execute
certain parts of the modelling pro-
cess

8 Individual, Team
[F]

No longer a
choice

The modeller perceive a certain op-
tion as not a choice (anymore)

16 Individual,
Standards

Personal
expectation

The modeller’s expectation of how
a decision influences the results

13 Individual

Personal
experience

The modeller’s experience determ-
ines which decision is made

115 Individual [F]

Personal
insight

The modeller knows what is
needed or is a better option

152 Individual [F]

Personal pref-
erence

The modeller’s preference for a cer-
tain option

63 Individual, Vis-
ion
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Code Name Description Count Category

Personal trust The modeller’s trust in a certain
option influences the decision they
make

25 Individual

Set priorities What is important to do first 2 Individual, Team
[F]

Testing Through testing / trial-and-error
make a decision

77 Individual, Team
[R]

To try to get
better results

To try and get a result that is as ac-
curate as possible

2 Individual, Team
[R]

Truthfulness To try and create a model that is
closer to the reality

18 Individual, Team
[R]

Best available At the moment an option was the
best available

12 Team, Organisa-
tional [F]

Colleagues’
preference

The prefered method or option of
colleagues

10 Team, Vision

Experience
colleague(s)

Based on the experience of col-
leagues

53 Team [F]

In consulta-
tion with
superior

A decision is discussed with a su-
perior

1 Team [F]

In consulta-
tion with
team

A decision is discussed with the
team

23 Team [F]

Insight of
team

Based on the insight of the team 32 Team [F]

Trust of team Based on what the team deems
trustworthy

8 Team

Vision of team How the team envisions the mod-
elling process

26 Team, Vision

Board decides The board of an organisation de-
cides about what needs to be done
or used

3 Organisational
[U]

Computational
power

The computational power available
in an organisation

6 Organisational
[F]
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Code Name Description Count Category

Earlier work
within organ-
isation

Previously certain work has been
executed in the organisation

23 Organisational
[F]

Executed by
a different
department

A different department within an
organisation performs certain as-
pects of the modelling proces

11 Organisational

Internal exper-
ience

Experience available within an or-
ganisation

7 Organisational
[F]

Limit costs Save costs or take available budget
into account

13 Organisational,
Commissioner
[F]

Necessity It is deemed necessary to use a cer-
tain method (availability, upkeep,
etc.)

5 Organisational
[F]

Organisational
infrastructure

How an organisation has set up
their modelling infrastructure im-
pacts a decision

3 Organisational
[F]

Partake in
development

An organisation is involved in the
development of a certain tool or
method

4 Organisational,
Vision

Sort of obliged As an organisation they have cer-
tain obligations

1 Organisational

Standard in
organisation

A general way of working within
the organisation

57 Organisational,
Standards

Storage capa-
city

The storage capacity available on a
computer or system of an organisa-
tion

4 Organisational
[F]

Trust of organ-
isation

The trust that is prevalent within
an organisation for a certain choice

5 Organisational

Vision organ-
isation

The general vision an organisation
has set out

49 Organisational,
Vision

Advice from
external part-
ner

An external partner advises the
modeller

9 External
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Code Name Description Count Category

Executed
by external
partner

An external partner executes (a
part) of the modelling process and
makes all the decisions relevant to
it

37 External

Experience
third party

Based on the experience of people
outside of your organisation

14 External [F]

External part-
ner uses it

An external partner used this op-
tion, which is adopted by the mod-
eller

4 External

External
partner de-
termines

An external partner makes the de-
cision for the modeller

6 External

In consulta-
tion with third
parties

A decision is discussed with parties
from other disciplines

3 External [F]

In consulta-
tion with
external col-
leagues

A decision is discussed with ex-
ternal colleagues within the hydro-
logical discipline

17 External [F]

Take into
account
stakehold-
ers/users/policy
makers

Taking into account stakeholders,
users or policy makers in a decision

4 External [R]

Tender re-
quirements

An external partner details what
they want to do in a tender

3 External [U]

Commissioner
determines

The commissioner of the modelling
study determines what needs to be
done or used

45 Commissioner
[U]

In consulta-
tion with
commissioner

The commissioner and contractor
discuss what decision is made

15 Commissioner
[U]

Provides com-
missioner

The commissioner provides certain
tools, methods or data

12 Commissioner
[F]

Requirements
for study

Requirements are formulated for a
modelling study

13 Commissioner
[U]
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Code Name Description Count Category

Time available
in project

The amount of time available
within a project

37 Commissioner
[F]

What is de-
tailed in
tender

Based on the content of quotations,
in reply to a public tender

6 Commissioner
[U]

Agreed upon
nationally

Within the Netherlands certain
agreements have been made

2 National [F]

Based on
guidelines

A decision is based on the Dutch
guideline for Good Modelling
Practice

1 National

General stand-
ard way of
working

A general standard way of working
for the whole of the Netherlands

15 National

Collaboration
between water
authorities

The water authorities have collab-
orated to determine this/ buy this

10 National [F]

Law Certain national laws determine
which decision is made

4 National [U]

Origin Where a certain method was de-
veloped on a national level

5 National

Widely sup-
ported in the
Netherlands

All water authorities and consult-
ing companies use and trust it

12 National

International
agreements

Internationally certain aspects are
prescibed or shared

2 International [F]

Certain format
of tools

Earlier chosen tools or methods re-
quire a certain format

10 Consequential
[F]

Depends
on previous
choice

Because of an earlier decision, the
current decision is influenced

23 Consequential

Determined
(automatic-
ally) by model

The model (automatically) chooses
a certain option

9 Consequential

Evident from
previous
model step

A certain decision is determined
due to the outcomes of a previous
modelling step

7 Consequential
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Code Name Description Count Category

Happens
automatically

A previously written script determ-
ines how a modelling step is ex-
ecuted

18 Consequential

Standard
value in
model

Within a model a standard value is
incorporated that is not changed by
the modeller

6 Consequential

Consistency Consistency within an organisation
or project

21 Vision [R]

Desired level
of detail

The level of detail a modeller envi-
sions for their model or results

36 Vision [U]

Efficiency The ability to execute something
a quickly/easily/accurately as pos-
sible

8 Vision [F]

Simplicity Keep something a simple as pos-
sible

10 Vision

Usefulness The perceived usefulness according
to the modeller

14 Vision [U]

Availability If an option or method is available
for the modeller

7 Miscellaneous
[F]

Based on the-
ory

Based on hydrological theory 4 Miscellaneous
[R]

Characteristics
of method

Based on the characteristics of mul-
tiple methods a decision is made
for one option

28 Miscellaneous
[U]

Data availabil-
ity

If the data is available for the mod-
eller

74 Miscellaneous
[F]

Data availabil-
ity openly

Data are freely available for every-
one

6 Miscellaneous
[F]

Data quality What is the data quality? 53 Miscellaneous
[F]

Data resolu-
tion

The available resolution of the data
determines the decision made

9 Miscellaneous
[U]

Maintenance
is discontin-
ued

The upkeep of a method has been
discontinued

4 Miscellaneous
[F]
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Code Name Description Count Category

Model stabil-
ity

The model needs to be able to run 11 Miscellaneous
[F]

New tech-
niques avail-
able

New (and better) methods have be-
come available, so those methods
are chosen

6 Miscellaneous
[F]

Openly avail-
able / free

A method is freely available for
everyone

7 Miscellaneous
[F]

Depends on
the area

Dependent on the characteristics of
the area certain decisions are made

66 Depends [R]

Depends on
the goal

Dependent on the question or goal
of the project

132 Depends [U]

Depends on
the model

Dependent on the model that is
chosen

38 Depends [F]

Depends on
the project

Dependent on the project and re-
sources available certain decisions
are made

9 Depends [U]

Depends on
the situation

Dependent on the circum-
stances/multiple factors

14 Depends [U]

132



output 13th January 2025 7:55 Page 133 �
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

Appendices

Appendix of Chapter 3: A - ATLAS.ti Deductive Interview Codes

In Table 2, the interview codes based on Pagano et al. (2016) can be found. These were
used for the deductive content analysis in Chapter 3.

Table 2 | List of the deductive interview codes used in the content analysis of Chapter 3. The deductive
interview codes are based on Pagano et al. (2016). In the third column the aspect(s) to which the
interview code are linked are given. I1, 2 and 3 stand for respectively the different issues described by
Pagano et al. (2016): the role of the modeller, the change in modellers’ behaviour and the perception
of thrustworthiness. BP1, 2, 3, 4 and 5 correspond to respectively these best practices from Pagano
et al. (2016): have transparent systems, no peeking at the answer, evaluate your results, never stop
learning the science and redefine your role.

Code Name Description Aspects of
Pagano et al.
(2016)

Need to execute dif-
ferent tasks

Due to the automation, the modeller
needs to execute different tasks than they
previously did.

I1

New tasks outside
own expertise

The modeller’s current tasks after auto-
mation are outside their own expertise

I1

Different skills ob-
tained by modeller
(in future)

Due to automation, the modeller obtains
different or more/less skills than they
previously did without automation

I1

Different knowledge
obtained by modeller
(in future)

The modeller obtains different, more or
less hydrological knowledge than they
previously did without automation

I1

Capacity to take over
automation

A modeller would be less capable to take
over if the automation fails

I1

Capacity to interpret
results

Any change in if the modeller’s ability to
interpret results due to automation

BP4, BP5

Test of own under-
standing (give hypo-
thesis)

Before the automation is started, the mod-
eller should give their own hypothesis to
test this.

BP2

Bias due to output The modeller’s judgement is influenced
by the output they see from the automa-
tion, especially if they didn’t have an ini-
tial idea of the potential outcome

BP2
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Code Name Description Aspects of
Pagano et al.
(2016)

Redefinition of the
modeller’s role

After the automation is incorporated,
how is the modeller’s role redefined?

BP5

Transfer of who
makes the modelling
choices

The choices within the modelling process
are taken by someone else (often the pro-
grammer)

I2

Different set of
choices that have to
be made by modeller

The modellers is faced with other (mod-
elling) decisions than previously

I1

Change in commu-
nication of results

Change in what and how the results are
communicated

I2, BP5

(False) 1st impression The first impression a modeller has of the
automation is incorrect

I3

Transference of 1st
impression

The first impression of a modeller is
copied by other modeller(s)

I3

Change of 1st impres-
sion

A modeller changes their view from their
initial impression

I3

Transparency of auto-
mation process

Clarity of what happens within the auto-
mation, i.e. what choices were made?
How does the automation process work?

BP1

Obtain intermediate
results

While the automation runs, results
should be given after different steps to
give more insight into the automation.

BP1

Evaluation Evaluation of the automation, does this
happen? How?

BP3, BP4
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Appendix of Chapter 3: B - ATLAS.ti Inductive Interview Codes
In Table 3, the interview codes created during the inductive content analysis of

Chapter 3 are shown. The interview codes were subdivided in seven different groups:
Extent of automation, Implementation of automation, Interaction between water au-
thorities and consulting company, Levels in automation development, Motivations for
(not) developing automation, Role of modeller and programmer and Usage of auto-
mation. Some interview codes were not subdivided in the groups. These are in the
miscellaneous group.

Table 3 | List of the inductive interview codes used in the content analysis of Chapter 3.

Group Code Name Description

Extent of
automation

Current extent of
automation

Indication that the modelling process
is automated (to some extent).

Can be automated The modelling process can be auto-
mated according to the modeller.

Can’t be automated The modelling process cannot be auto-
mated according to the modeller.

Too extensive Indication to which extent the model-
ling process has been automated ac-
cording to the modeller.

Completely Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.

Almost completely Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.

Mostly Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.

In development Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.

Partly Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.
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Group Code Name Description

Extent of
automation
(continued)

Not that far Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.

Not at all Indication to which extent the model-
ling process has been or can be auto-
mated according to the modeller.

Executed manually A certain aspect of the modelling pro-
cess is carried out manually, without
automation.

Execution of model-
ling decisions in auto-
mation

The automation only covers the steps
to execute a certain choice made by the
modeller.

Less complex com-
ponents

According to the modeller only less
complex components are automated.

No transfer of model-
ling decision

In automating the modelling process
no transfer of modelling decision has
occurred for the modeller.

Implementation
of automation

Context dependent How the automation script develop-
ment is done depends on context (re-
sources, funding, capabilities)

Dependent on model
software

How an automation script is de-
veloped depends on with which
model software it should be compat-
ible.

External organisation
makes automation
script

The automation script development is
done by an external organisation.

First gain insight, then
automate

Before an automation script is de-
veloped, insight into the process to be
automated should exist.

Iteratively An automation script is developed
over time, improving it whenever it is
used.

Quick and dirty The automation is developed quickly
and for its then current purposes reli-
able.
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Group Code Name Description

Implementation
of automation
(continued)

What is the purpose? An automation script is developed ac-
cording to a certain purpose.

Interaction
between
water
authorities
and
consulting
companies

Executed by Consult-
ing company (origin-
ally)

Regardless of automation or not, this
step is generally executed by a consult-
ing company.

Executed by Research
Insitute

Regardless of automation or not, this
step is generally executed by a re-
search insitute.

Executed by Water
Authority (originally)

Regardless of automation or not, this
step is generally executed by a water
authority.

Ownership of auto-
mation

Who is the owner and therefore re-
sponsible for the automation.

Levels in
automation
development

Organised on per-
sonal level

The automation is developed and used
at the personal level.

Organised on team
level

The automation is developed and used
at the team level.

Organised on organ-
isational level

The automation is developed and used
at the organisational level.

Organised on inter-
organisational level

The automation is developed and used
at the inter-organisational level.

Capacity to automate What resources (e.g.\ funding and
computer capacity) are available to
automate within an organisation.

Create documentation Along with any automation script,
documentation should be written to
communicate the purpose of automa-
tion script and how it works.

Differences between
organisations

There are differences in modelling
practices and perspectives between
different organisations.

Differences within de-
partment

There are differences in modelling
practices and perspectives within a de-
partment.
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Group Code Name Description

Levels in
automation
develop-
ment
(continued)

Differences within or-
ganisation

There are differences in modelling
practices and perspectives within an
organisation.

One-time use
Open-Source The automation is available open-

source.
Overlap in tools Within different departments or or-

ganisations similar automation scripts
or tools exist.

Uniformise automa-
tion scripts

When scripts from an Individual or
Team level are rewritten in such a way
that they can be used at a(n) (Inter-)
organisational level.

Motivations
for (not)
developing
automation

Automated with pre-
vious method

It used to be automated with a previ-
ous method, so it is expected that is
will be automated in the new method
as well.

Do not execute this
ourselves

Modellers do not carry out a certain
aspect of the modelling process them-
selves and therefore, they care less
about if and how this aspect is auto-
mated.

Consistency Automating a certain aspect of the
modelling process will create more
consistency in the execution of that as-
pect.

Easier to do manually It is considered easier to execute a
modelling step manually than to auto-
mate the modelling step.

If needed Modelling process is automated once
it seems necessary.

Maintain control The modeller wants to maintain con-
trol over the modelling process.

Not time efficient Automating a certain part of the mod-
elling process would not be time effi-
cient.
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Group Code Name Description

Motivations
for (not)
developing
automation
(continued)

Not useful Automating a certain part of the mod-
elling process is deemed not useful.

Gain insight Developing and using automation can
give the modeller insight into the
modelling process, uncertainties and
results.

Ease of use Automation is easy to use according to
the modeller.

More accurate Automation will give a more accurate
result.

Objectivity Automating the modelling process in-
troduces more objectivity into the
whole process.

Reduce human errors Automation limits the potential for
human errors.

Reproducibility Automation increases the reproducib-
ility of the modelling results.

Time efficient Automation will save time for the
modellers.

Transparency Automation makes the modelling pro-
cess more transparent.

Useful to have The automation of (a part of) the mod-
elling process is deemed useful.

Budget The financial resources to develop an
automation.

Does it matter? The method or the outcome of the
method are not that important.

Data are limiting
factor

Data quality and quantitity limit the
potential to develop and use automa-
tion.

Level of difficulty How difficult the automation is will
influence to which extent if at all a cer-
tain part of the modelling process is
automated.

Should we want this? Consideration if the automation of cer-
tain parts of the modelling process
would be desirably.
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Group Code Name Description

Motivations
for (not)
developing
automation
(continued)

Too complex Automating certain parts of the mod-
elling process would have to many op-
tions or be too specific or require the
modeller’s expertise to execute that
part.

Role of
modeller
and
programmer

Programmer most in-
fluential

Modeller’s perception that program-
mer is more influential.

Modelling steps after-
wards

The modelling steps taken after the
programmer has developed an auto-
mation script are more influential than
the decisions made in the automation
script.

Programmer follows
hydrological laws

The modeller’s trust that the program-
mer follows hydrological laws.

Modeller’s responsib-
ility

What is considered to be the model-
ler’s responsibility in using and devel-
oping an automation script.

Programmer’s re-
sponsibility

What is considered to be the program-
mer’s responsibility in using and de-
veloping an automation script.

Usage of
automation

Was not used A previous automation script was not
used.

Would not use it A modeller would not use a certain
automation script when automated.

Would execute this
modelling step when
automated

If a certain modelling step were to be
automated, a modeller would use it in
the future.

Not sure if they’d use
it

If a certain aspect is automated, a
modeller is not sure they would use
it.

Couple of times An automation script would be used
a couple of times immediately after
development.

Irregular The use of the automation script
would be / is irregular.

Repeated use The automation script would be / is
used frequently.
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Group Code Name Description

Usage of
automation
(continued)

Use default value Within an automation script the de-
fault value was used even if there was
a choice.

Check by modeller The modeller would check the output
after the automation has given it.

Modeller gives some
input

When using an automation script, a
modeller will give some inputs to the
automation script before it runs.

Make modelling de-
cision yourself

The modeller want to make the mod-
elling decision themselves.

Expert knowledge ne-
cessary

The experience and expertise of a
modeller is necessary in a particular
modelling step.

Remain critical When using an automation script, a
modeller should keep checking the
automation itself.

Understand the auto-
mation

When using an automation script, the
modeller should understand the auto-
mation.

Use automation to ad-
vise you

Use the results of an automated aspect
to inform you as a modeller to make a
next decision and maybe adapt certain
aspects of the step just executed with
the automation script.

Miscellaneous
Data doesn’t receive
enough attention

A modeller perceives that the data are
payed enough attention.

No choice A modeller does not have a choice
in a particular modelling step, which
makes automation illogical or difficult.

Not automation, but
rather standardisation

A modeller perceives that standardisa-
tion is essential, not automation neces-
sarily.

Not known by inter-
viewee

The interviewee does not know (ex-
actly).
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Group Code Name Description

Miscellaneous
(continued)

Surprised not or-
ganised on inter-
organisational level

A modeller is surprised that a cer-
tain part of the modelling process is
not developed or used at an inter-
organisational level.

Trust in scientific liter-
ature high

A modellers does not trust certain as-
pects of science with regards to the
modelling process or automation.

Trust in scientific liter-
ature low

A modellers trusts certain aspects of
the modelling process or automation
because they are underpinned by sci-
ence.
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Appendix of Chapter 4: A - Interview guides

Interview guide - Australia

The interview guide consists of three parts: one about the background, one about
the specifics of the water management and modelling in the Murray-Darling Basin
and the eWater Source framework and at the end some final questions. The interview
guide included here is the generic one we adapted depending on the interview.
For some interviews the adaptations were quite substantial, for others less so. The
adaptations were made depending on the time available during the interview and the
expertise of the interviewee.

Questions regarding the background:

1. How would you describe your current position?

2. What is your background?

a) In hydrological modelling?

b) In work experience?

3. How would you describe your work in the Murray-Darling basin?

a) Current work?

b) Past work?

4. Can you describe your experience as a modeller?

a) Which type of models?

b) Which models exactly?

c) How many years?
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Specific questions:

Questions about their current modelling practice:

1. What does your current modelling process look like?

a) Which modelling software?

b) What are the decisions you make?

c) Does a guideline exist (on institutional, team or personal level)?

2. What did your modelling process look like prior to 2007?

a) Which modelling software?

b) What are the decisions you make?

c) Does a guideline exist (on institutional, team or personal level)?

Questions about Basin Plan:

1. Are you familiar with the Basin Plan?

a) If yes, to what extent?

b) If no:

i. Why not?

ii. Would you familiarise yourself in the future?

A. Why (not)?

2. What changes to the modelling process have occurred since the basin plan was
formed?

a) Did anything change to the modelling process?

b) Which modelling steps were adapted?

c) How were these adapted?

3. How do you perceive the basin plan?

4. Are you familiar with your state’s Water Resource Plan (WRP)?

a) If yes, to what extent?
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b) If no:

i. Why not?

ii. Would you familiarise yourself in the future?

A. Why (not)?

5. Did the WRPs have an effect on the modelling process?

a) If yes:

i. How?

ii. What changed?

b) If no:

i. Why not?

6. How do you perceive the WRPs?

7. Are you familiar with the Uplift Programme?

a) If yes, to what extent?

b) If no:

i. Why not?

ii. Would you familiarise yourself in the future?

A. Why (not)?

8. Did the Uplift Programme have an impact on your modelling process?

a) If yes:

i. How?

ii. What changed?

b) If no:

i. Why not?

ii. Would you familiarise yourself in the future?

A. Why (not)?

9. How do you perceive the Uplift Programme?
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10. What do you deem necessary in these efforts to harmonise the modelling in the
MDB?

a) What would you need?

b) What would you prefer?

Final questions:

1. Do you have any recommendations or referrals for other people that would be
good candidates for my study?

2. Do you have any remarks or additions?

Interview guide - The Netherlands developers

The interview guide has three parts: one about the background of the interviewee,
one about the process of creating and publishing the guideline and one regarding
some final general interview questions.

Questions regarding the background:

1. How would you describe your current position?

2. How would you describe your position when the Dutch guideline was written?

3. Can you describe your experience as a modeller?

a) What type of modelling studies?

b) How many years? Then and now?

Questions regarding the guideline:

Initiation/Idea of guideline

1. How did the initiative for creating the guideline originate?

a) By whom?

b) What was the initiative?
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c) When?

d) Why?

e) How?

2. How did the organisation you worked at get involved?

3. How did you get involved with the development of the guideline?

4. The Standaard Raamwerk Water has been created around the same time, how
do these two initiatives relate to each other?

a) And how did it influence each other?

b) Is it still used? Has it ever been used?

5. On February 4 1997, there was a meeting. Multiple parties were involved.

a) Who were involved?

b) How did these parties get involved?

c) How was communication handled with parties that were uninvolved?

Process of creating the guideline

1. After the initiative was taken, how was the guideline created?

a) By whom?

b) What was the initiative?

c) When?

d) How?

2. In the guideline, a test phase after the first draft is described. How did this go?

a) Who were involved?

b) How was the test group selected?

c) What were the outcomes of this test phase?

d) How were these outcomes processed?
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After publication:

1. How was the guideline disclosed?

a) Certain communication?

b) Any promotion?

2. How was the guideline picked up after publication?

a) Was there a difference between disciplines? Or commissioners?

b) Who did the guideline reach? Modellers? Commissioners?

c) Was there a difference between who was or was not involved in the
guideline’s development?

d)

3. Within the guideline, certain goals are set. Have these goals been reached?

a) “To provide a starting point for principles regarding model use that are
supported by all involved parties in the water management"

b) “To initiate more careful use of models in water management"

c) “To improve the reproducibility and transferability of model studies"

4. Within the guideline, it is described that the guideline should be kept ‘dynamic’.
How did this turn out?

a) Test phase? How was this set up?

i. Who were involved?

ii. What were the outcomes of this?

b) Were there any submission for update suggestions or requests?

i. How was this spread out over time?

ii. Would you tackle this differently now?

c) How were any updates to the guideline communicated?
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Reflection:

1. How do you reflect on this whole process?

a) Are there aspects you would do differently? If yes, what?

b) Do you have any suggestions if someone were to create a guideline today?

2. Are there any adaptations you would make to the guideline?

Other standardisation initiative:

1. Around the same time as the development of the guideline, other initiatives
were also developed, for example Standaard Raamwerk Water, Adventusstelsel
and CIW standaard. How do these different initiatives relate?

2. Are there other initiatives that I am not aware of? Or certain projects that were
executed?

Final questions:

1. Do you have any recommendations or referrals for other people that would be
good candidates for my study?

2. Do you have any remarks or additions?
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Appendix of Chapter 4: B - ATLAS.ti Codes

Table 4 contains the codes from the inductive content analysis of Chapter 4. The
codes were categorised in seven axial codes: Development, Application, Advantages,
Disadvantages, Improvements, Risks and Updates.

Table 4 | List of the inductive codes from our inductive content analysis.

Axial Code Inductive Code Description Count

Development Agreements
made

Agreements were made on the
standardisation approach.

3

Automation Previous automation influences
the standardisation approach
and automation occurs after
a standardisation approach is
implemented.

3

Based on experi-
ence

The standardisation approach is
based on the experience of model-
lers.

10

Comparability Through developing a standardisa-
tion approach, the aim is to in-
crease comparability of modelling
studies.

7

Compatibility Through developing a standardisa-
tion approach, the aim is to in-
crease compatibility between mod-
elling studies.

4

Cooperatively The standardisation approach is
developed and implemented in col-
laboration. (Also grouped in axial
code Application)

49

Create consist-
ency

Through developing a standardisa-
tion approach, the aim is to in-
crease consistency in the modelling
process.

42
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Axial Code Inductive Code Description Count

Development
(continued)

Create more effi-
ciency

Through developing a standardisa-
tion approach, the aim is to in-
crease efficiency of the modelling
process and within organisations.

4

Create support
base for policy
decisions

Through developing a standardisa-
tion approach, the aim is to create
support for policy decisions.

33

Create transpar-
ency

Through developing a standardisa-
tion approach, the aim is to in-
crease transparency of the model-
ling process.

24

Crises driven
development

The standardisation approach’s
development is initiated or acceler-
ated due to a natural crisis.

12

Different model-
ling practices

Between states, organisations and
people, different modelling prac-
tices exist. (Also grouped in axial
code Development)

60

Driven by other
considerations

The development of a standardisa-
tion approach is motivated by other
external factors.

2

Each state had
their own model

Each state had their own legacy
models, which they had used for
years.

30

General con-
sensus

A consensus needs to be reached to
choose a standardisation approach.

12

Inconsistency in
basin

Within the basin, a lot of incon-
sistency occurs, both in nature and
in the modelling process. (Also
grouped in axial code Disadvant-
ages)

13

Increase collabor-
ation

Through developing a standardisa-
tion approach, the aim is to in-
crease between stakeholders.

7

Inter-modeller
variability

Through developing a standardisa-
tion approach, the aim is to de-
crease inter-modeller variability.

17
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Axial Code Inductive Code Description Count

Development
(continued)

Iteratively The standardisation approach is
developed iteratively.

3

Meet require-
ments

The modelling process and work-
flow is designed based on the re-
quirements that need to be met.

24

Models need to
be run for legisla-
tion

Models are run to inform and pos-
sible provide numbers for legisla-
tion.

11

Needs to with-
stand (public)
scrutiny

Model results need to withstand
(public) scrutiny.

16

Negotiation Negotation is necessary to reach a
consensus on what the standardisa-
tion approach will be.

39

No reproducibil-
ity

Through developing a standardisa-
tion approach, the aim is to in-
crease reproducibility of modelling
studies.

1

Originated organ-
ically

The standardisation approach de-
veloped organically.

9

Political pres-
sures

Political influences have an impact
on the standardisation approach
and the modelling. (Also grouped
in axial code Disadvantages)

34

Robustness Through developing a standard-
isation approach, the aim is to
increase robustness of modelling
studies.

2

Selection of who
is involved

A selection is made on who is in-
volved in the development of the
standardisation approach.

12

States’ independ-
ence

The states have their own inde-
pendence concerning their water
management and modelling. (Also
grouped in axial code Develop-
ment)

10
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Axial Code Inductive Code Description Count

Development
(continued)

Top down The standardisation approach is
developed and implemented top-
down.

25

Vision 10

Application Apply policy
changes in model

Policy changes are incorporated in
the model software.

25

As reference Guidelines can be used as a refer-
ence for (junior) modellers. (Also
grouped in axial code Advantages)

21

Bigger than anti-
cipated

The development and implemen-
tation of the standardisation ap-
proach was more work than anti-
cipated.

2

Build guidelines To support models or new model
software and to provide more con-
sistency in modelling practices,
guidelines can be created

8

Changed rela-
tionship between
stakeholders

The standardisation approach
changes the relationship between
stakeholders.

23

Communication Communication between stake-
holders about how the standard-
isation approach is developed and
implemented and promoted.

28

Community
driven implemen-
tation

The implementation of the stand-
ardisation approach depends on
the community.

9

Cooperatively The standardisation approach is
developed and implemented in col-
laboration. (Also grouped in axial
code Development)

49

Creates tension The development or the imple-
mentation of the standardisation
approach creates tension between
stakeholders.

14
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Axial Code Inductive Code Description Count

Application
(continued)

Familiarity Modellers tend to use what they
are familiar with. (Also grouped in
axial code Disadvantages)

10

How (often)
used?

Indication of how and how often
the interviewees used the model-
ling approach.

41

How standardisa-
tion can be imple-
mented

Suggestions and experiences on
how to the standardisation ap-
proach was implemented.

45

Initially dealing
with bugs

In the beginning, users of the
standardisation approach had to
deal with bugs.

8

Initially done, but
less and less over
time

The standardisation approach was
initially used but the usage de-
creased over time.

2

Legacy Modelling practices and models
have a legacy in its development
and usage in certain organisations,
states or for certain people.

18

Lot of effort put
in

A lot of effort has already been put
into developing and implementing
the standardisation approach.

1

Ongoing The development and implemen-
tation of the standardisation ap-
proach is still ongoing.

16

Policy influenced
by modelling

Model results or the modelling pro-
cess influences the policy that is
made.

13

Policy situation is
complicating

The policy situation complicates
development, implementation and
usage of the standardisation ap-
proach. (Also grouped in axial
code Application)

28
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Axial Code Inductive Code Description Count

Application
(continued)

Provide incentive In order to implement the stand-
ardisation approach an incentive
can be provided to move it along.
(Also grouped in axial code Applic-
ation)

5

Provide training A training is provided to teach
modellers how to use a new tool or
method.

6

Slow implemen-
tation of new
methodology

The new methodology or stand-
ardisation approach is implemen-
ted slowly and carefully

47

Suitability Considerations of how a model can
be suitable for a certain modelling
study or not.

16

Use best available Modelling practice is to use the
best available.

9

Use community The implementation of the stand-
ardisation approach relies on the
community

11

Voluntary The standardisation approach is
implemented on voluntary basis.

5

Advantages Adaptability The standardisation approach has
the potential to evolve over time
and to be changed. (Also grouped
in axial code Improvements)

5

As reference Guidelines can be used as a refer-
ence for (junior) modellers. (Also
grouped in axial code Application)

20

Commitment to
transition

The stakeholders have a commit-
ment to transition to the new mod-
elling approach.

14

Create support
base for model
results

Standardisation can provide a sup-
port base for model results.

9

Idea behind it is
good

The idea behind the standardisa-
tion approach is good.

5
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Axial Code Inductive Code Description Count

Advantages
(continued)

Improve con-
nection between
stakeholders

The standardisation approach has
brought the modelling community
closer together, but it can still
improve engagement and rela-
tions between stakeholders further.
(Also grouped in axial code Im-
provements)

20

Improve flexibil-
ity

The tools already have some flex-
ibility, but this can be enhanced.
(Also grouped in axial code Im-
provements)

10

Improves quality
of modelling

Standardisation improves the qual-
ity of the modelling process.

18

Increases com-
munication
between models

Standardisation eases the ability to
link different models.

12

Legitimacy Standardisation can provide legit-
imacy to model results in the
decision-support domain.

2

More accessibility Standardisation can provide more
accessibility to models, tools or
data.

8

More collabora-
tion

Standardisation can result in more
collaboration between stakehold-
ers.

6

More consistency Standardisation can result in more
consistency between organisations,
modellers and modelling studies.

23

More credibility Standardisation can provide more
credibility to model results in the
decision-support domain.

2

More efficiency Standardisation can result in more
efficiency of the modelling process
or within organisations.

18

More resources Standardisation can result in more
resources being available.

12
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Axial Code Inductive Code Description Count

Advantages
(continued)

More robust Standardisation can result in more
robustness of the modelling stud-
ies.

5

More transpar-
ency

Standardisation can result in more
transparency of the model results
and modelling process.

12

More under-
standing

Standardisation can create more
understanding of the hydrological
processes and the modelling pro-
cess and the model results.

8

Practices changed
due to collabora-
tion

Modelling practices changed due
to collaboration (within the stand-
ardisation approach).

16

Reproducibility Standardisation can result in more
reproducibility of the modelling
studies.

14

Retraceability Standardisation can result in more
retraceability of the modelling
study.

3

Seems useful The standardisation approach
seems to be useful.

7

Shaped thinking
of (future) model-
lers

The development of the standard-
isation approach shaped the think-
ing of (future) modellers.

2

Showing tech-
nical capabilities

The standardisation approach
showed the capabilities of another
method.

7

Successful The standardisation approach has
been (quite) successful (given its
limitations/resources).

12

Transferability The models and also the know-
ledge obtained by modellers is
more easily transferred.

13

Disadvantages Accessibility lim-
ited

The access to the tool, model or
data is limited.

8

157



output 13th January 2025 7:55 Page 158 �
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

Appendices

Axial Code Inductive Code Description Count

Disadvantages
(continued)

Capability lim-
ited

The knowledge and know-how is
not present to be able to imple-
ment or use the standardisation ap-
proach or model.

19

Capacity limited The available resources or hu-
manpower restricts the usage or
development of the standardisation
approach.

39

Communication
is difficult

Communication hinders the imple-
mentation or usage of the stand-
ardisation approach.

9

Complex The model or standardisation ap-
proach is complex, impeding its us-
age.

17

Costly The costs of the standardisation ap-
proach are high.

20

Different model-
ling practices

Between states, organisations and
people, different modelling prac-
tices exist. (Also grouped in axial
code Development)

45

Different priorit-
ies

The priorities between institutes
differ, resulting in different opinion
on what should be prioritised.

40

Different termin-
ology

A different terminology of the
modelling process or hydrological
processes exists between institutes
and states.

9

Does not meet re-
quirements

The standardisation approach or
the model does not meet the re-
quirements.

3

Every modelling
study is specific

Each modelling study has to be
tailored to the subject that is stud-
ied.

26

Everything for
everybody

The standardisation approach has
been developed in such a way that
it accommodates everyone’s old
modelling practices.

17
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Axial Code Inductive Code Description Count

Disadvantages
(continued)

Familiarity Modellers tend to use what they
are familiar with. (Also grouped in
axial code Application)

10

First user’s prac-
tice captured

In the standardisation approach,
they captured the first user exper-
ience.

7

Generic The standardisation approach is
too generic.

10

Improve docu-
mentation

Documentation of the models and
modelling workflow can still be im-
proved. (Also grouped in axial
code Improvements)

8

Inconsistency in
basin

Within the basin, a lot of incon-
sistency occurs, both in nature and
in the modelling process. (Also
grouped in axial code Develop-
ment)

13

Less efficiency The standardisation approach has
introduced less efficiency.

1

Less of a com-
munity than
wanted

With the implementation of the
standardisation approach, less of a
community was built than initially
envisioned.

3

Less transparency The standardisation approach has
resulted in less transparency than
before.

10

Lock-in effect Due to the standardisation ap-
proach, a lock-in effect is happen-
ing.

2

Loss of power Due to the standardisation ap-
proach a loss of power can be
experienced by any stakeholder.
(Also grouped in axial code Risks)

3

Model isn’t
capable to model
reality

The model is not able to repres-
ent the processes occurring in the
world.

3
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Axial Code Inductive Code Description Count

Disadvantages
(continued)

Modelling prac-
tice unchanged

Even though the standardisation
approach is implemented, the ac-
tual modelling practices remain
unchanged.

15

Not successful The standardisation approach is
considered to be unsuccessful (in
certain aspects).

11

Not user friendly The standardisation approach is
not user friendly.

19

Not very useful The standardisation approach is
not deemed very useful.

4

Numbers are dif-
ferent

The standardisation approach res-
ults in different results from the
models.

25

One general
standardisation
approach not
possible

It is considered that one general
standardisation approach is not
possible to create.

9

Policy situation is
complicating

The policy situation complicates
development, implementation and
usage of the standardisation ap-
proach. (Also grouped in axial
code Application)

28

Political pres-
sures

Political influences have an impact
on the standardisation approach
and the modelling. (Also grouped
in axial code Development)

34

Slower software The new software is slower than
the previous software.

13

States’ independ-
ence

Implementing a standardisation
approach need to take into account
that the states have their own in-
dependence concerning their water
management and modelling. (Also
grouped in axial code Develop-
ment)

10
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Axial Code Inductive Code Description Count

Improvements Adaptability The standardisation approach has
the potential to evolve over time
and to be changed. (Also grouped
in axial code Advantages)

5

Ambitious
timeline

The improvements scheduled on
an ambitious timeline.

3

Build capability Increasing knowledge and know-
how of the models and tools
used, also with regards to evolving
and using the standardisation ap-
proach.

12

Build capacity Increasing the resources and hu-
manpower to be able to implement
and update the standardisation ap-
proach.

8

Build trust Increase stakeholders’ trust in
models and their results, the
standardisation approach and each
other.

34

Could be im-
proved

The standardisation approach can
be improved further.

3

Evolving stand-
ardisation ap-
proach

Suggestions for how the standard-
isation approach can become more
usable and relevant, both in its
format, but also technically.

68

Funding for
maintenance

Concerns and possibilities regard-
ing the resources available for the
upkeep of the standardisation ap-
proach. (Also grouped in axial
code Risks)

22

Improve con-
nection between
stakeholders

The standardisation approach has
brought the modelling community
closer together, but it can still
improve engagement and rela-
tions between stakeholders further.
(Also grouped in axial code Advan-
tages)

20
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Axial Code Inductive Code Description Count

Improvements
(continued)

Improve docu-
mentation

Documentation of the models and
modelling workflow can still be im-
proved. (Also grouped in axial
code Disadvantages)

8

Improve ease of
use

The usability of the tools and
standardisation approaches can
still be increased.

7

Improve flexibil-
ity

The tools already have some flex-
ibility, but this can be enhanced.
(Also grouped in axial code Advan-
tages)

10

Improve model-
ling practice

The modelling practice currently
used can still be improved, for ex-
ample to create more consistency.

25

Include processes Within the modelling tools, certain
processes are not (yet) represented
(sufficiently).

22

Increase know-
ledge base

The science behind the modelling
should be developed further again.

32

Need collabora-
tion

For the standardisation approach
to be implemented collaboration is
needed.

1

Need consistency Improvements are needed to the
standardisation approach to create
more consistency.

3

Not necessary to
improve

It is deemed unnecessary (yet) to
improve the standardisation ap-
proach or tool.

2

Ownership is dif-
ficult

Arranging ownership of a stand-
ardisation approach or model can
be challenging.

7

Provide incentive In order to implement the stand-
ardisation approach an incentive
can be provided to move it along.
(Also grouped in axial code Applic-
ation)

5
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Axial Code Inductive Code Description Count

Risks Funding for
maintenance

Concerns and possibilities regard-
ing the resources available for the
upkeep of the standardisation ap-
proach. (Also grouped in axial
code Improvements)

22

Longevity Concerns with regards to how
long a standardisation approach
can continue.

4

Loss of power Due to the standardisation ap-
proach a loss of power can be
experienced by any stakeholder.
(Also grouped in axial code Disad-
vantages)

3

No longer usable The developed tool is no longer us-
able.

1

Updates Audit models New models used for decision sup-
port are reviewed before they are
used.

16

Easier mainten-
ance

Updates to the standardisation ap-
proach mean that its upkeep will
be easier.

2

Further de-
veloped interna-
tionally

The standardisation approach was
picked up internationally, where it
was developed further.

3

No evaluation There is no evaluation of the stand-
ardisation approach or modelling
process.

9

No requirements
to review models

The review of models is on a vol-
untary basis, there is no obligation
to do so.

4

Not enough time There is not enough time available
to properly review or evaluate the
modelling processes.

2

Review (model-
ling) process

The executed (modelling) process
is evaluated.

13

Review upcom-
ing

At the time of the interviews, a re-
view was scheduled to be executed.

4
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Axial Code Inductive Code Description Count

Updates
(continued)

Small pool of re-
viewers

There are only few people available
to execute the necessary reviews.

3

Under review At the time of the interviews, a re-
view was being executed.

5

Update models Models are kept up-to-date. 8
Updated ad-hoc Models and the standardisation ap-

proach are updated when neces-
sary.

8
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