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Abstract
Hydrological models are essential in the decision-making regarding flood risk protection. However, subjective
model choices increase the uncertainty of these models, while both model developers and model users are
not always aware of the subjective choices involved. Therefore, this explorative study intended to create
more insight into the reasons underlying specific model choices, the sensitivity of model output to these
choices and their potential impact on decision-making. A case study of a flood risk model of a dike in The
Netherlands was used. The study consisted of semi-structured interviews with three model developers and
four model users, and a local sensitivity analysis for five model choices that were identified. It was found that
the model developers' awareness of implicit decisions is limited, their choices are usually not scientificallybased, and they disagree on the relevance of each decision. Also, model users are generally not aware of
implicit decisions. The sensitivity analysis that was foreseen did not succeed. Even with the help of the model
developers and experts, the model could not be run because of poor documentation of manual steps and
processor requirements. By only looking at the sensitivity of elevation data pre-processing to adjustments,
the implicit decisions did not seem to impact model output considerably. Nevertheless, choices in
schematisation were perceived relevant and shown to be impactful by earlier sensitivity analyses. If the dike
would breach, decisions made by the water authority would not so much be affected by different model output
scenarios, but decision-making by other authorities presumably would be. These findings opt for more
transparency in model development, which is related to incidental findings obtained by this study. These show
that documentation of the model development process is fairly limited, making it, amongst other things, less
efficient and reproducible, as apparent from the fact that the model could not be run in this case study.
Improving the documentation of the process and its choices would therefore add to the quality and
sustainability of hydrological model development.
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1. Introduction
Numerical models are of increasing importance in our everyday lives. Two particular examples of models
supporting decision-making are the predictions of climate change and climate scenarios (Flato et al., 2013;
Müller, 2010), and recently the models predicting the number of COVID infections (RIVM, 2021). Though
objective computers do these numerical calculations, subjective humans still build the models (Müller, 2010).
A recent study showed that the results of climate reconstructions are strongly influenced by human decisions
(Büntgen et al., 2021). During the corona crisis, the call for more transparency concerning the choices made
in COVID models was growing in The Netherlands because of the high level of uncertainty of the predictions
and because the quality would improve if more researchers were able to give their opinion on the models
(Houtekamer & Berkhout, 2022). Also, in hydrology, the results of a model simulating a specific principle
strongly depend on the person executing the study, as already became apparent in, e.g., the study of
Holländer et al. (2009) and Henckens & Engel (2017).
The following sections will first introduce the importance of hydrological models in general and related to
flood risks in the Netherlands more specifically. Then, the difficulties regarding model choices and uncertainty
will be discussed more elaborately, combined with the decision-making based on these models. After that,
the HydroLib project is introduced, which aims to improve modelling workflows in the Dutch water
management sector. Lastly, this will lead to a synthesis of the problem statement and this study's objectives
and research questions.

1.1 Hydrological models & flood risk in The Netherlands
Environmental models are of great societal importance, as they are used for public policy decision-making
(Oreskes et al., 1994; Bennett et al., 2013). The accuracy of these numerical models defines, for example,
how effectively model-influenced policy contributes to food and energy safety (Khan, 2015). Additionally,
predictions generated by hydrological models are relevant in providing information about future climate
change impacts (Peel & Blöschl, 2011; Mayer et al., 2017). Concerning hydrological models, flood forecasting
is one of the most critical applications (Todini, 2011). In flood forecasting, models have four essential
functions: they can predict the magnitude and probability of inundation; they can help predict how risks may
change over time as a result of, for example, climate change; they can help predict the effectiveness of
possible measures against flood risks; and they produce valuable maps for flood risk planning and
communications (Maskrey, Mount & Thorne, 2022). Hence, hydrological models have a crucial role in flood
risk management.
A country where flood risk predictions are essential is The Netherlands. The Netherlands has a long history
of central water management. The country is threatened by an excess of water from three sources: the
sinking landscape, the increasing sea level, and water coming from three major rivers (Lintsen, 2002). As
one of the most threatened countries by climate change in Europe, managing flood risks is a public interest
in the Netherlands (Wiering & Winnubst, 2017). Simulations of flood events are relevant for water safety, risk
management, and spatial adaptation of areas behind and outside the dike (De Bruijn et al., 2018). So,
accurate flood risk models are highly relevant in The Netherlands, but the flood risk they calculate has a high
level of uncertainty (Todini, 2011; De Moel, Bouwer & Aerts, 2014).

1.2 Model choices, uncertainty, and decision-making
Uncertainty is inherent to modelling, yet model choices by individuals increase this uncertainty. The predictive
uncertainty of environmental models results from the uncertainty of the observations used for the model, the
randomness of the processes being described, and the accuracy of the representation of these processes in
the model (Oreskes et al., 1994). The latter is defined by the choice for a specific model and the modelling
decisions within a model, both based on subjective choices (Addor & Melsen, 2019; Melsen et al., 2019).
These explicit or implicit choices made by model developers, for instance, on how to treat the
parameterisation, calibration, and validation, introduce uncertainty into a model (Deitrick, Grohan & Grady,
2021; Houska et al., 2021). This subjectivity in the model development is, among other things, caused by a
person’s behaviour, which results from cognitive limitations, strategic motivations, mis-emphasizing specific
features (Hämäläinen, 2015,) or ethical values (Mayer et al., 2017). As a result, even if people have the same
background knowledge, a difference in non-epistemic values might lead to different estimated probabilities
from the models they develop (Parker & Winsberg, 2018). Furthermore, expert opinions significantly influence
the choices in model development (Krueger et al., 2012). While quantitative hydrological modelling has
advanced considerably over time regarding the physical representation of (complex) hydrological systems,
nowadays, a significant challenge lies in assessing its predictive uncertainty, both in general and for flood risk
models specifically (Todini, 2011). To do so, model developers should be more aware of the significance of
their model choices on model results.
Going one step further means looking at what this choice-induced uncertainty means for decision-making
based on hydrological models. As explained, personal choices by model developers potentially influence the
results of a hydrological model (Deitrick et al., 2021). However, hydrologists usually do not address predictive
4

uncertainty for policymaking (Todini, 2011). This limited transparency about the limitations, validity, and
uncertainty of earth system models is a challenge for both model developers and the users of the model
output, such as decision-makers (Wagener & Pianosi, 2019). Identifying uncertainties is namely the first step
in robust decision-making under deep uncertainty (Kwakkel, Haasnoot & Walker, 2016). However, because
this uncertainty is often not communicated in an interpretable manner to water authorities, they do not
consider it, possibly leading to inefficient decisions like unsuitable investments or measures (Poortvliet et al.,
2019). Therefore, decision-makers should be more aware of the relevance of model choices when using a
hydrological model.
Moreover, model developers should understand who will use their model and how they will use it in their
decision-making (Bremer et al., 2020). Specifically, suppose decision-makers use a model; it should be
determined whether model output following different model parameters or choices leads to significantly
different management (Ravalico, Dandy & Maier, 2010). Adopting a model in the decision-making process is
namely mainly based on subjective considerations (Benett et al., 2013). This leads to the fact that model
results often underpin only a part of the decisions made (Van Waveren et al., 1999). This is caused by the
complexity of decision-making related to flood risks because of its uncertainty and the considerable number
of stakeholders involved (De Brito & Evers, 2016). Nevertheless, numerical modelling is the most important
in delivering ‘evidence’ for flood risk decision-making (Maskrey et al., 2022).

1.3 The HydroLib project
The HydroLib-project aims to improve and increase the efficiency of the modelling workflows of engineering
companies and water authorities to improve the decisions and policy advice based on these models. It was
initiated by the Dutch engineering company Deltares, but many Dutch consultancy companies, regional water
authorities, Wageningen University and other partners joined. Automating the modelling workflows is a critical
feature to achieving HydroLib’s objectives. It reduces human errors and decreases the time necessary for
preparing the models, leaving more time for formulating the advice (A. van Dam, e-mail, December 17th,
2021). Furthermore, the project serves as a test to improve the collaboration between Dutch engineering and
consultancy companies and the water authorities by creating a joint platform for the available scripts. While
automating the model workflows, it aims to increase awareness of the implicit modelling decisions concealed
within the scripts, as the choice for certain standardisation in the automation procedure is subjective (Suh et
al., 2004). So far, interviews with modellers have investigated their preferences for making some of these
implicit choices explicit (L. Melsen, personal communication, November 2021). In short, the HydroLib project
includes many different facets and increasing the awareness of model choices and the potential uncertainty
this brings is one of them.
Being part of the HydroLib project, enhancing that awareness is the aim of this study. Although the goal of
modelling studies is always epistemic, these epistemic goals often partly stem from non-epistemic interests
and values (Parker & Winsberg, 2018) in the form of specific choices made in the model development process.
Even though there are studies that acknowledge the importance of this uncertainty on decision-making (like
Kwakkel et al., 2016; Poortvliet et al., 2019; Wagener & Pianosi, 2019), and the relevance of evaluation of
this impact (Hamilton et al., 2019), no clear solutions or action plans have been introduced before. As this
study focuses on flood risk modelling, the identified problem can be summarised as follows: human choices
in model development potentially impact decision-making under flood risk conditions, which could – ultimately
– influence the impact of a flood event. This cascading uncertainty related to model choices is visible in Fig.
1. Studying this process as a whole has not been done before, but can significantly improve understanding
and awareness of the relevance of choices in hydrological modelling.

Figure 1 - Model choice uncertainty and the steps by which it potentially influences the accuracy of decision-making.

5

1.4 Objectives & research questions
As explained, this study aims to increase awareness of the importance of model choices in the model
development process and how this potentially impacts decision-making. The objectives are as follows:
•
•
•

Describe the factors that define certain choices made by model developers, leading to implicit
decisions in a model or script.
Define the sensitivity of the model output to certain implicit modelling decisions.
Evaluate the awareness of implicit decisions by model users and the potential role this has in using
a model for decision-making.

It is important to highlight the difference between a model choice and an implicit decision. A model choice
refers to the model developers choosing a specific value or method to represent some aspect of the study. If
such a choice is not explicitly defined, it leads to an implicit decision in the model: some parameter or function
is determined to have a fixed value or method which is not directly apparent to the end-user and, in some
cases, not even to the model developer.
The main research question to be answered is as follows:
What causes choices in hydrological model development, and how do the implicit decisions they
induce influence a model user’s decision-making?
The study explored a Dutch flood risk model - a case study from the HydroLib community – to investigate
these research questions. The following section will describe the case study in more detail and introduce the
specific implicit choices investigated within the case study. Within the case study, the following sub-questions
are studied:
•
•
•
•

What do model developers base their choices for certain implicit decisions on?
What is the sensitivity of the output of a model on these implicit decisions?
To what extent are model users aware of the implicit decisions in a model?
To what extent do different model output scenarios influence the decision-making of model users?

During this study, incidental findings were obtained related to the model development process and the role
of documentation and information transfer. These findings are described in a separate section following the
Results section. Together with the regular results, these findings form the base of the framework introduced
in the Discussion section.
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2. The case study: a flood risk model for the Grebbedijk and its implicit
decisions
2.1 Process and stakeholders
The Regional Water Authority Vallei & Veluwe (shortly: Vallei & Veluwe) is responsible for the central water
management in an area of 250.000 ha in the centre of the Netherlands. If water levels are high, Vallei &
Veluwe takes the necessary emergency response measures and provides other relevant parties with
information, such as the safety regions1 (Waterschap Vallei & Veluwe, 2020). The required information for
specific response measures is obtained using flood simulation models (HydroLogic BV, 2019). The main threat
for flooding in the area managed by Vallei & Veluwe is the Grebbedijk. This dike has the highest safety
standard in the Netherlands, resulting from the spatial pattern of the flood and the potential risk of fatalities
and economic loss a breach would cause (Jorissen, Kraaij & Tromp, 2016). Reducing the flood risk of this dike
as much as possible, therefore, has a high priority for Vallei & Veluwe.
For that task, accurate flood risk data are required. Following a request from Vallei & Veluwe, HydroLogic - a
research and consultancy company in software and hydrology - did multiple flood risk calculations for the
Grebbedijk. For this purpose, they developed pre- and post-processing scripts to make data suitable for use
in the D-Hydro modelling suite. This modelling suite was developed by Deltares and will be introduced more
elaborately later in this section. This case study was brought forward by Vallei & Veluwe because both
HydroLogic and Vallei & Veluwe participated in the HydroLib project, and the scripts were developed in the
spirit of HydroLib: to be transparent and reproducible. An overview of the stakeholders and their relation to
this research project is visible in Fig. 2.

Figure 2 - Overview of the stakeholders involved in the case study used for this research project.

2.2 The study area
Although the area-specific physical features are not the main focus of this study, providing some context is
helpful to understand the results presented later on. The total area managed by Water Authority Vallei &
Veluwe has around 1.1 million inhabitants. The river Rhine encloses it in the south, the elevated Utrechtse
Heuvelrug in the West, the river IJssel in the East, and a lake area, the Randmeren, in the north (Waterschap
Vallei & Veluwe, n.d.). The Grebbedijk is just over 5 km long but protects over 250.000 people from the river
Rhine (Hydrologic BV, 2019). The area threatened by flooding, which forms the study area, is visible in Fig.
3. It is around 58.000 ha, of which 45.000 ha is used for agricultural purposes, 2.800 ha is forest, and 10.200
ha is urban or infrastructural area (Gedeputeerde Staten van Gelderland & Utrecht, 1995). It is an example
of a glacial tongue basin, a depression in the landscape compared to the moraines bordering it (Martens,
n.d.). The primary soil type is sand (Berendsen, 1997). The biggest cities in the area are Ede, Veenendaal,
and Amersfoort. The main waterways in the area are the Valleikanaal and the Eem (Hydrologic BV, 2019),
which merge around Amersfoort. These waterways will be referred back to later on in this report.

The public bodies responsible for the safety of a certain area. Specifically, this entails responsibility for the fire
brigades and the preparation for and coordination of disasters, crises and calamities. The study area lies within
two different safety regions: Gelderland-Midden and Noord- en Oost-Gelderland. (Ministerie van Justitie en
Veiligheid, 2020)
1
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Figure 3 - The study area used for this case study. The left figure shows the location of the area within The
Netherlands. The exact area is indicated by the red line in the right panel. The dotted line in the south indicates the
location of the Grebbedijk and the blue line indicates the course of the Valleikanaal and the Eem.

2.3 Model & scripts
The D-Hydro model is central in this study, as this was the model used by HydroLogic to perform the flood
risk calculations. It is the newest modelling suite developed by Deltares. It uses a flexible mesh and is
compatible with 1D, 2D, 3D, and coupled modelling (Deltares, 2021). The scripts written by HydroLogic preprocess existing data to D-Hydro input in multiple steps. This existing data is obtained from open sources:
TOP10NL and AHN. Other input data, mainly shapefiles, are manually created based on area-specific
properties (Kersbergen, 2019). There are six pre-processing scripts in total. First, (1) an elevation and (2) a
roughness raster are created. Then, (3) line elements, like railways, roads, and culverts, are added. Fourth,
(4) the main waterways are added as 1D elements2. Lastly, (5) the grid is refined in some specific locations
(like urban areas), and (6) this is all combined in a grid that is used as input for the D-Hydro model. With the
pre-processed data, the D-Hydro model calculates inundation times and depth in case of a breach of the
Grebbedijk. The post-processing scripts transform the D-Hydro output into raster and CSV data (HydroLogic
BV, 2019). The scripts used for the case study are compatible with version 1.2.48.63945M of the D-Hydro
model. As the GUI was still under construction when this version was released, this is a beta version. This
means an MDU file should be used directly in an interactor to run the model. This is the computational core
of the model. An overview of the functioning of the combination of these scripts and the D-Hydro model is
visible in Fig. 4.

Figure 4 - The steps HydroLogic took to go from input data to processed model output, by using pre- and postprocessing scripts and by running the D-Hydro model.

As a preparation for this study, the scripts were examined extensively on implicit decisions. This resulted in
more insight into their functioning. The scripts were first only viewed, after which it was tried to get the
scripts running. While the scripts became more familiar, the most curious implicit decisions became evident.
As this study mainly serves as an example of choices in model development and use, the selection of implicit
decisions was based on whether choices were hard-coded or did not have an apparent reason or obvious
explanation. They all related to model structure and were found in the scripts for the elevation model, the 1D
schematisation of waterways and the refinement of specific areas. These choices can certainly be relevant:
elevation data influences the horizontal extent of the flood being simulated, and data on the topography and
bathymetry of rivers controls the simulated travel time (Lamichhane & Sharma, 2018). The following sections
will discuss the scripts and the selected choices more elaborately. It is argued why these features were chosen
as model choices to be investigated. An overview of the choices is visible in Table 1, provided in the Method
section.

2

Because in 1D modelling water can only flow in one direction, the simulated flow will be faster. This is desired as
in case of a flood, water flows faster through existing waterways than over land (HydroLogic BV, 2019).
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Script 1: Elevation model
The first pre-processing script uses elevation maps, modelling area shapes, and the breach's location to define
an elevation model. The average and maximum elevation values are combined and scaled up with a resolution
of 5 meters (Kersbergen, 2019). In this elevation model, some implicit decisions are made:
•
At the location of the dike breach, the height of the dike is removed by cutting out a length of 60
meters in both directions perpendicular to the dike. The elevation in this so-called buffer is filled-up
by interpolating the area’s elevation around the dike. The length over which this happens is set to
60 meters. This means that a total length of 120 meters is interpolated. Though this parameter is
defined explicitly, it is unclear what this buffer length is based on.
•
Resampling of the elevation is done using both the maximum and the average resampling method
from the rasterio package, a Python package for geospatial raster data. The maximum values define
elevated line elements, like roads and railways. As these are the highest elements in the landscape,
using the maximum resampling method makes sense. However, other resampling methods could
have been used for the general elevation model, like median, nearest neighbour, or bilinear
resampling. Median is even defined as the default resampling technique by Deltares (De Bruijn et al.,
2018).
•
The definition of no-data values is different throughout the script. It is both given as -9999.00, as 123456 and as 3.4028234663852886e+038. It is unclear why this distinction is made and why these
specific values are chosen.
Script 4: 1D Waterways
The fourth pre-processing script defines a 1D grid for the main waterways in the area: the Valleikanaal and
the Eem. It uses shapes of waterways, the locations of cross-sections, and points where the profile of the
waterway is known. This input is transformed into the correct file extensions for D-Hydro, and a profile
definition and location file are created (Kersbergen, 2019). When writing the file with the definitions for all
cross-section profiles, the friction coefficient for all locations is hardcoded to 0.035. This is different from the
default value of 0.023 (Deltares, 2022), and it is not clear what this number is based on.
Script 5: Refinement grid
Before the actual grid is created in script 6, some locations to be refined are defined in script 5. A refinement
raster is created using shapes for sites to be refined, being roads and urban areas (Kersbergen, 2019). The
refinement grid is made using a list of refinement factors. Roads and urban areas are given a resolution of
20 meters, while the rest of the area has a resolution of 40 meters. It is unclear why these 20 meters were
chosen as a threshold, while one might argue that roads might sometimes be less than 20 meters wide,
potentially leading to their elevation not being considered in the model.
Appendix 1 provides the exact code of the choices described above. In the next section, it is described how
they are used within this study.
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3. Methods
The four sub-questions introduced in the introduction required various data collection forms. Therefore, mixed
methods were used. The first question needed to define the causes or motivations for the choices made by
the model developers by HydroLogic, which was investigated through interviews. Secondly, the actual effect
of the choices made by HydroLogic had to be investigated. Based on the interviews’ results, the features
thought to be most influential on model output were chosen and used in a sensitivity analysis. Whether
differences in model output due to different choices matter depends on whether it also impacts the decisions
made by model users was investigated through interviews with the Water Authority Vallei & Veluwe. An
overview of these steps is visible in Fig. 5. As some of the results of one research question were needed for
the methods of another, the research questions were investigated sequentially. Therefore, also some results
are already stated within this methods section.

Figure 5 - Steps of the model development process in relation to the steps undertaken in this study.

3.1 Model development: interviews with HydroLogic
To define the causes or reasons for certain choices, the model developers of HydroLogic were interviewed
about the development process of the pre-processing scripts for the D-Hydro model. These interviews were
semi-structured. As the name suggests, semi-structured interviews are between the structured interview –
in which all questions are pre-determined in a particular order and form – and the unstructured interview –
in which both the structure and questions being asked are flexible (Kumar, 2014; Adams, 2015). The
advantage of semi-structured interviews is that they efficiently collect detailed qualitative data on drivers and
behaviours in the use of water resources. At the same time, unexpected information and features of
quantitative data can be acquired (O’Keeffe et al., 2016).
The interviews were realised using a pre-determined interview guide that covered multiple topics of relevance.
All three employees from HydroLogic who were involved in developing the pre-processing scripts were
interviewed. The interviews took around one hour, were recorded, and consisted of open questions. They
were formulated to be not ambiguous, leading, double-barrelled, or based on presumptions (Kumar, 2014).
The interviews started with an introduction and questions about the experience and professional background
of the interviewee. Subsequently, the interviewees were asked about the reasons for choosing different
choices described in the previous chapter. After that, some more general questions about uncertainty in
hydrological modelling, the purpose of this specific model, and the people involved in the modelling process
are discussed. The questions were based on earlier studies (Deitrick et al., 2021; Melsen, 2022; Van Voorn
et al., 2016; Mayer et al., 2017). The first interview served as a test for the others to adjust the interview
structure and questions based on an evaluation of this first interview (Kumar, 2014; Adams, 2015). This is
relevant to confirm the coverage of the content in the guide and to identify whether questions should be
reformulated (Kallio et al., 2016). In practice, some formulations were changed slightly after the first
interview. The first interview was nevertheless included in the results. The interview guide this resulted in is
provided in Appendix 2.
After conducting them, the interviews were transcribed and analysed qualitatively. Transcripts were read
multiple times first to grasp the topics that occurred and define how they can be linked with the issues of the
research questions (Schmidt, 2004). As the analysis of semi-structured interviews is an interchange between
prior theoretical knowledge and collected data (Schmidt, 2004), the information gathered was linked to three
concepts: the purpose of hydrological models, reasons for model choices and handling uncertainty in
modelling. This analysis finally led to a conceptual overview of the most critical factors influencing model
choices and to more general questions on the previous mentioned concepts.
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3.2 Running the model: sensitivity analysis
In the next step, it was investigated what the effect of adjusting choices on model output was. The way of
doing so resembled components of a sensitivity and an uncertainty analysis. The difference is that a sensitivity
analysis aims to quantify which input parameter(s) have the most significant impact on output fluctuations.
In contrast, an uncertainty analysis seeks to quantify the range of possible output values without focussing
on the role of specific input parameters (Saltelli et al., 2019). In a local sensitivity analysis, the aim is to
assess how uncertainty in input parameters impacts model output by changing input parameters one at a
time (Pianosi et al., 2016). Such a one-at-a-time method analysis is the simplest version of a sensitivity
analysis (Hamby, 1994). This study can be classified as a local sensitivity analysis but focuses on the
uncertainty of model output and not on the sensitivity of model output to individual parameters. Though this
is an important nuance, it will be referred to as a sensitivity analysis for clarity and consistency in the rest of
this report.
Four of the five implicit decisions previously defined and described in section 2.3 were chosen for the
sensitivity analysis. This was based on the interview results: these were the features for which the
interviewees indicated that they had not tried alternatives. The chosen model features were the resampling
method, the width of the buffer of the breach, the values for no-data, and the friction coefficient of the 1D
waterways. The choices for resolution were disregarded for this part of the study, as these were substantiated
explicitly by the model developers. In some cases, how the decisions were adjusted was also based on the
interviews. For example, the buffer width is changed to 20 meters, as the logical range of this width was said
to be between 20 and 60 meters, apparent from this interview quote:
“If you are looking at the width of a river dike, it is something between 20 and 60 meters.”
Regarding the friction coefficient, no clear alternatives were mentioned in the interviews. It was chosen to
increase it by 200% to 0.070 and decreased by 85% to 0.005. The resampling method was changed to
median, as this is the default value used by Deltares (De Bruijn et al., 2018), and to nearest, as this is the
default method from the Python package it stems from. All adjustments are visible in Table 1, including the
pre-processed file the adjustments impact.
The adjustments described above would have resulted in seven model runs: one base run and six sensitivity
analyses. The runtime of running the pre-processing scripts was around 1.5 hours. Running the postprocessing scripts took around an hour. However, running the D-Hydro model using the pre-processed input
data was impossible. Even though it was tried to get the model working in many ways and with the support
of many people, including the script developers, the D-Hydro developers, and experienced D-Hydro users, it
did not succeed. First, it took more than three months to even be able to start a model run, because of
missing information regarding steps and files required to do so. When that succeeded, the run was aborted
during the first attempts because it was too heavy for the computer it ran on. After that, it was tried to run
the model on the High-Performance Computer from the WUR, called Anunna (Van Haarst, 2021). These runs
could not be finished because the model became unstable, giving the error conjugategradientSAAD. Neither
was it possible to run the newly released version of D-Hydro: the input files were specified on the beta version
they were developed for, and the released version required a different input.
Table 1 - Overview of the implicit decisions discussed in the interviews. Also, the adjustments for the script features
planned to be used for the sensitivity analysis are visible, including their adjustments and the pre-processed file
that these adjustments impact

Script
Elevation model

1D waterways
Refinement

Feature
Buffer around breach = 60 meters
Resampling method = average
Different definitions/ values for no data
Friction coefficient = 0.035
Roads & urban area 20m, remaining
area 40m

Adjustment(s)
20 meters
Median; nearest
No data = -99
0.05; 0.070
N.a.

Pre-processing output
AHN ASCII file
AHN ASCII file
AHN ASCII file
Profile definition file
N.a.

Though this made it impossible to perform a sensitivity analysis on model output, the impact of the
adjustments on the pre-processed input data could be evaluated. The adjustments in the elevation model
produced different versions of the AHN input, being an ASCII file that would be used as elevation grid for the
D-Hydro model. The statistics of the ASCII files produced were compared using percentages of change in
output (Christopher Frey & Patil, 2002). The adjustments of the friction coefficients only changed the value
in the profile definition file so that no sensitivity analysis could be performed there. So, only a sensitivity
analysis was performed for the files which were generated by the pre-processing of the elevation model.
Nevertheless, when they developed the scripts, HydroLogic successfully performed sensitivity analyses and
scenario calculations (HydroLogic BV, 2019). For the sensitivity analyses, they made four adjustments in
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schematisation3: (1) they closed two coupures, (2) they did not include the waterways as 1D in the grid, (3)
they defined the dike as consisting of clay instead of sand, and (4) they changed the location of the breach.
These model runs and their results were examined for this study to get more insight into how different
schematisation choices could impact model output. This sensitivity analysis study was also used as input for
the interviews with model users.

3.3 Model use: interviews with Water Authority Vallei & Veluwe
Interviews were used again to gain insight into the awareness of the model users’ choices and whether the
potential uncertainty they append would affect decision-making. Most practicalities were similar to the
interviews with HydroLogic. The interviews were semi-structured, and the first interview served as a test for
the others. In consultation with Vallei & Veluwe, four employees were interviewed. One was the project leader
of the modelling study, one the account manager, one a dike expert who was involved in the development
process, and the last person was responsible for advice and communication in case of a calamity. Because of
these different roles, different topics were discussed with each, as shown in Table 2. Generally, the same
topics were discussed as with the model developers from HydroLogic. If applicable, even the same questions
were asked as in the interviews with model developers to compare their viewpoint on specific issues: e.g.,
the required knowledge to use scripts like these. To get more insight into the decision-making process, the
model output scenarios generated by the sensitivity analysis of HydroLogic were presented to the
interviewees. They were asked to what extent these scenarios would induce different decisions or response
measures from the Water Authority. The complete interview guide for these interviews is provided in Appendix
3. It must be noted that not all questions were discussed with all interviewees. The analysis was similar to
the interviews with model developers: the interviews were transcribed and then read and analysed multiple
times. The concepts grasped from the interviews were compared to literature and the results from the
interviews with model developers.
Table 2 - Overview of the topics discussed with each of the interviewees of Water Authority Vallei & Veluwe

Interviewee
Project leader
Account manager
Dike expert
Calamity advisor

Topics discussed
Steps in model development; requirements and agreements; uncertainty
analysis;
awareness of and level of agreement with implicit choices;
documentation and information transfer; the decision-making process
Steps in model development; requirements and agreements; awareness of and
level of agreement with implicit choices; documentation and information transfer
Steps in model development; requirements and agreements; uncertainty
analysis;
awareness of and level of agreement with implicit choices;
documentation and information transfer
Requirements and agreements; uncertainty analysis; documentation and
information transfer; the decision-making process

‘The simplified representation of the spatial and temporal distribution of variables and parameters’ (Van
Waveren et al., 1999)
3
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4. Results
4.1 Model development: interviews with HydroLogic
The three interviews with model developers of the pre-processing and post-processing scripts started with
some questions about their background and the script development process of this case study. They all had
similar academic and professional backgrounds, having studied water engineering and management at the
TU Twente. All of them started working for HydroLogic right after graduating. They all had experience with
multiple types of hydrologic and hydraulic models and focused part of their activities on operational
management and advice. Process-wise, the scripts were developed by one person mainly with the help of two
colleagues and in consultation with the water authority. The scripts were a follow-up from an earlier study
and were followed up by two similar studies for different dikes. A large part of the scripts was developed
before the water authority's official request. Following that, the scripts were made more readable and
automated for the water authority to be able to use them. Hence, the above gives some context for the
content of the results presented in the following paragraphs. For all statements given, the number in the
brackets indicates how many times it was mentioned during the interviews. A colon followed by an interview
quote illustrates the main result described in the former section or sentence.
Purpose of the model & scripts
Questions about the goal of hydrological modelling in general, the purpose of these scripts, and the model
output they generate, yielded the following responses. Things mentioned more frequently were that the goal
of hydrological modelling is to simulate an event that did not happen or was not measured yet (2) and that
these scripts specifically serve to set up the input data for the model fast and automatically (2). The output
generated by the scripts can be used to formulate mitigating measures or advice in case of a breach (2).
Lastly, it was mentioned that the most crucial model output parameters are the maximum water depth, the
maximum velocity, and the time of arrival of the water (2). The most essential objective is that the model
accurately simulates reality (2). Remarks mentioned once, but seemingly relevant, are that the goal of
hydrological modelling is to be able to say something about potential risks (1) and to create an operational
framework (1) based on that. Moreover, scripts' automation is meant to update them fast and study different
scenarios (1). The output that follows from these scripts is obligatory or the safety regions to have (1) and
can furthermore be used to decide which water structures need to be reinforced or adjusted (1) and increase
awareness of inhabitants (1). It is said that the scripts are not influenced by their potential use in
policymaking. The purpose of the script might, however, affect the choices in schematisation (1), and different
stakeholders might have different focuses, as apparent from this interview quote:
“Which output or result is most important depends on the stakeholder. Safety authorities, for
example, want to have detailed information on how long it takes the water to reach a hospital or
school, while water authorities want to know which breach locations cause the most damage, to
know if and how they need to reinforce their dikes. Inhabitants want to know whether the water
might reach their house. As a modeller, you just want to have the best model result, which is
mainly focused on the water depth. So the interests related to the output differ, but in the end
everyone profits from the representation of reality which is as good as possible.”
Based on these results, it can be said that the model developers are aware of the potential use of flood risk
models, e.g., to formulate an operating framework and inform the safety regions. Nevertheless, this
awareness is not convincing, given that most statements were only mentioned by one or a maximum of two
interviewees. Though they gently acknowledge that the purpose of the model output might differ for each
stakeholder, in their opinion, the most important for everyone is simply that the model simulates the water
flow in reality as well as possible. It is also apparent that this study’s scripts are for them more of an
automation tool than an actual model.
Reasons for implicit decisions
Concerning the choices made in the scripts, the following results were obtained. Speaking about choices in
general, all interviewees had a different answer to the question of the most crucial choice in flood modelling:
the elevation model, the line elements, the choice for input data, and the refinement used, respectively. What
they were unambiguous about was that choices are discussed with the client and written down at the start of
a project (3). Furthermore, colleagues discuss choices at the beginning of a new script or project (3). Other
things mentioned were that because the model had to be fast in this case, the resolution was relatively low
(1). Also, it was mainly tried to keep the features that might change under different circumstances flexible
(1). It is perceived that all choices made were related to schematisation and that the scripts were just a
translation of that (1). It was said that many water authorities have guidelines for this schematisation, so for
every project, it is decided which parts of that guideline can be used or should be deviated from (1). It is
tried to leave some choices for people who use the script (1). Once a modeller has done something multiple
times before, they do not discuss it anymore (1), and sometimes they just choose something:

13

“Sometimes when you make a choice, you do know it can be of influence for your output, but you
just choose something because you do not know a better alternative.”
The motivations or causes for making the specific choices in the script this study focused on are visible in
Table 3. On the question whether alternatives were tried for each of the five choices, the answer was “Yes”
once, and “Maybe, but it might also come from an earlier study” once. Four times they were not sure, and
nine times the answer was “No”, followed by the addition that “It should not matter” four times. The only
choice for which alternatives were tried was for the refinement grid. The motivations for choosing the values
used for the refinement grid were that it was used in a previous study (1) and that it depends on the balance
of accuracy and computing time (2), respectively.
Table 3 - Motivations or reasons for making one of the choices propounded to the developers of HydroLogic. The
number in brackets indicates the number of times something was mentioned4

Motivation or reason
Not sure (5)
Has just been chosen (4)
Most easy & fast (3)
Discussed with the client (3)
Default value (3)
Best physical representation
(3)
It does not matter how it’s
chosen (3)
Schematisation (2)
Comes from source data (2)
For convenience (2)
Used in a previous study (2)
Experience of a colleague
(2)
Balance of accuracy and
computing time (2)
To serve the primary goal of
the model (1)
Based on try-outs with
alternatives (1)
For consistency (1)
Trial & Error (1)

Example interview quote
“I don’t dare to say what those 60 meters are based on.”
“To use average has just been chosen; we did not look at alternatives”
“The no data values have been randomly chosen.”
“It was the most realistic and fast solution.”
“I think the width of the buffer was discussed with the client.”
“The friction coefficient was probably the default value in the manual we
copied.”
“We have just looked at the width of the dikes.”
“Choosing your no-data value is a choice which does not matter.”
“There is not a difference between average or median.”
“It is purely for schematisation, to make sure the grids can ‘talk’ to each other.”
“3.4*10^38 is the standard no-data value in the AHN data used as input.”
“We were looking for a smaller, easier no-data value to use with D-Hydro.”
“Using average dates from an earlier study done before this one.”
“In a previous study, my colleague investigated the implications of certain
resolutions more extensively.”
“Choosing the grid size is always a balance between the level of detail you want
and the computing time.”
“You choose average because you mainly want to know the volume available
for water in your study area.”
“We tested different combinations of refinement resolutions and chose this to
be the best one.”
“I wanted to use one buffer value for the whole area. So it might be a bit coarse,
but some dikes are quite wide, so you need to cut out a large width to make
sure you remove all the height.”
“Using 60 meters as a buffer was based on trial and error.”

In short, it can be said that the perceptions of the importance of certain choices in this flood risk study are
different for each interviewee. To their perception, these scripts do not, or should not, include any implicit
model decisions, as it is just a translation of the schematisation. They agree that agreements and choices are
discussed with the client at the start of a project. Also, when they start with a new script, they discuss their
choices with their colleagues. When they have more experience or have used certain choices before, they no
longer discuss it and trust their own experience. Regarding the specific implicit decisions discussed, it is
evident that the motivations for choosing the different values or methods vary. However, a majority does not
have a clear foundation, such as “just chosen”, “not sure” or “it is the default value”. In line with that, no
alternative options were considered in a significant majority of the cases. The more substantiated choices
were mainly based on the client's input, the physical representation, the schematisation, or personal or a
colleague’s experience.
Handling uncertainty
On the questions related to uncertainty, the interviewees responded as follows. To start with, they said it is
difficult that the model simulates a flood event that cannot be validated or calibrated based on measurements
because it never happened (2). Nevertheless, they assumed the flow patterns were good, as they saw the
same patterns recurring for different settings (2). Plausibility was moreover checked by critically comparing
the output with hypotheses (2), yet the extent of an uncertainty analysis depends on the client and the
available budget (2):

4

In total, more motivations are mentioned than one for every model choice. This is due to the fact that many
times, different motivations for different components of the choice were mentioned.
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“The way you handle uncertainty depends on the client. Some clients just want to have exact
numbers. Though they know there is uncertainty, they just want something they can use as an
assumption and therefore, they just want one output value. Others do want to have a lot of
understanding of the uncertainty.”
Specifically for the case study, the following was said:
“The study of the Grebbedijk was more of a commercial project with less time available. That leaves
less time to study uncertainty. “
Other remarks related to uncertainty were that uncertainty is typically handled by running multiple scenarios
and doing a sensitivity analysis (1). Ideally, one would also be able to validate their model with existing
observations, though it is still hard to determine where possible deviations stem from (1). In this case, model
output was compared to earlier similar studies to assess its plausibility (1). Lastly, some things were
mentioned that potentially add to the uncertainty of this model: some tricks were required to be able to run
the model in beta-version, e.g., to be able to schematise the waterways as 1D (1); the growth of the breach
showed many different outcomes, while there is little knowledge about that (1); and the model now includes
twelve simulation days, while the situation might change within that time due to, e.g., the closing of flood
defences (1).
The results show that although uncertainty is inherent to flood risk modelling, as they can not be validated
based on observations, there is trust in the flood risk studies’ results. This is mainly because the same patterns
reoccur for different scenarios, and the outcomes align with expectations. Generally speaking, doing a
sensitivity analysis and running multiple scenarios is the most common way to get insight into uncertainty.
However, the extent of doing so depends on the project and its client. In this case, a relatively short time
and budget were available to study uncertainty extensively.

4.2 Running the model: sensitivity analysis
The first step in the sensitivity analysis was to compare the results of the pre-processing steps after adjusting
the parameters according to the different scenarios. As explained in the Methods section, running the DHydro model was impossible. Therefore, only the output of the pre-processing scripts could be assessed. This
could only be done for the elevation model adjustments because the friction coefficient adjustments simply
led to another value in a text document. The statistics of the adapted runs were compared, and the results
are visible in Table 4. It shows that adjusting the implicit decisions for the elevation model in this case study
does not significantly impact the input files created by the pre-processing scripts, with their statistical values
deviating from the base run between 0.01% and 0.11% at maximum. Though the effect on the model output
could not be determined, one can assume the differences in the elevation input data were so small that it
would not have made a relevant difference for the model produced. Regarding the values of the friction
coefficients of the 1D waterways, it is hard to estimate the impact that adapting this value might have been
on the model output.
Table 4 - Statistics of the different AHN ASCII files created by the pre-processing script for the elevation model. The
statistical values for each adjustment are given, and behind that, the percentage by which it deviates from the base
run is shown

Basic
Resampling
Median
Resampling
Nearest
Buffer = 20 m
No-data = -99

Mean
7.506
7.505
7.503
7.506
7.506

0.01%
0.04%
0.00%
0.00%

Maximum
66.079
66.090 0.02%

Minimum
-6.155
-6.160 0.08%

STD
9.262
9.263

0.01%

Valid %
60.32
60.37 0.08%

66.080

0.00%

-6.160

0.08%

9.268

0.06%

60.39

0.11%

66.079
66.079

0.00%
0.00%

-6.155
-6.155

0.00%
0.00%

9.262
9.262

0.00%
0.00%

60.32
60.32

0.00%
0.00%

Apart from this sensitivity analysis, HydroLogic performed a sensitivity analysis too. They produced maps
showing the water depth and arrival times. As an illustration, the maps produced for the base run are shown
(Fig. 6) and for the run in which the waterways were not schematised as 1D elements (Fig. 7). In the run in
which the waterways were not included as 1D-elements, the lower elevation of the waterways was taken into
account, and the friction coefficient in these waterways was also decreased compared to the neighbouring
land (HydroLogic BV, 2019). The results of the other sensitivity analyses they performed are provided in
Appendix 4. This sensitivity analysis shows that making different choices regarding schematisation - in this
case, for example, the choice to include primary waterways as 1D in the model or not – does impact the
model output that is when running D-Hydro. As indicated previously, the results of these sensitivity analyses
were used as input for the interviews with model users.
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4.3 Model use: interviews with Water Authority Vallei & Veluwe
The four employees of Water Authority Vallei & Veluwe that were interviewed had distinct backgrounds. They
had all been working at Vallei & Veluwe for between four and ten years. Apart from the calamity advisor, they
had studied water management or fluid mechanics. The calamity advisor had a background in safety
management and education. They previously worked at an engineering/consultancy company and had
significant experience with hydrological/hydraulic models.

Water depth
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2 days
3 days
4 days
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8 days

Figure 6 - Map of maximum water depths and arrival times in the base run performed by HydroLogic (HydroLogic
BV, 2019).

Water depth

Arrival time
1 hour
5 hours
10 hours
1 day
2 days
3 days
4 days
5 days
6 days
7 days
8 days

Figure 7 - Map of maximum water depth and arrival time when the waterways were not included as 1D elements
in the model (HydroLogic BV, 2019).

Purpose of model & scripts
The results showed that the purpose of the study done by HydroLogic was mainly to update the current,
dated flood risk information (3). All interviewees mentioned that some years ago, the responsibility for
providing flood risk information for an area was shifted from the provincial government to the water authority
(4). Other remarks made by individuals are that the scripts were made to be able to run the model (1) and
that the data generated by the model is shared with relevant stakeholders, like governments and safety
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authorities (1). The calamity advisor indicated that this information is used for three purposes within the
water authority: it is used as a basis for training, risk analyses, and preparation plans for a possible dike
breach. The safety authority uses the information for their purposes, e.g., to define vital structures such as
electricity stations or safeguarding evacuation routes from a hospital. The project manager indicated that the
essential requirements of this study were that it was open-source, useable for different dike cases, and,
therefore, mainly automatic (1). Two reasons determined these requirements:
“On the one hand, there is the strategic argument of a level playing field. Meaning that HydroLogic
would not have a competitive advantage: another party, which has not developed the scripts,
should not need a lot more time running them than HydroLogic. And on the other hand, if
something is developed using tax money, it should be open-source, in my opinion.”
Shortly, the interviewees are unambiguous regarding the purpose of this study and the scripts: to update the
current dated information, mainly because recently, the responsibility for this information was given to the
water authority. Additional requirements they had, are different based on their role within the water authority
and in this specific flood risk study.
Awareness of and agreement with implicit choices
Related to the specific implicit decisions discussed previously, the three interviewees involved in the model
development process were, in a majority of cases, not aware of these choices. Table 5 gives an overview of
this awareness and to what extent the interviewees agreed with the choice.
Table 5 – Overview of the awareness of and agreement with model choices as indicated by the Water Authority

Choice
Buffer = 60m
Resampling = average
Different no-data values
Friction coefficient =
0.035
Resolution = 20/40m

Were you aware of
the choice?
Not of this specific
value (3)
No (3)
No (3)
No (3)

What do you think of the choice?
Slightly conservative (1), but it should mainly be
wider than the dike (1). Overall it is a fine choice (3)
Fine choice (3), and it should not matter so much (1)
Not relevant (2) / fine choice (1)
Fine (3) as long as it is significantly lower than the
friction of the ground level (2)
This choice is relevant and depends on the maximum
calculation time you aspire (3). You make a bit of a
concession here (1), but it is a fine choice (2)

Yes, we discussed this
(3)

Regarding the choices made during the model development process in general, the following was said. They
had regular meetings in preparation and during the study’s execution (3). During these meetings, certain
choices or assumptions were discussed (2). One interviewee indicated he appreciated that:
“It was good to have regular meetings. (..) By that, you also have more influence on the level of
detail as a client, and is the company conducting the study not making all the choices.”
These choices discussed during these meetings were said to be related to the sensitivity analyses to be
performed (2), assumptions in schematisation (1), and the location of the dike breach (1). However, at least
four times, the preferences of the dike expert were not taken over, for example, in these cases:
“I remember that we did not include initial water heights in the ditches. I was not in favour of that
choice. I thought that the propagation velocity of the water could be higher if there were initial
water in the ditches.”
“I actually wanted the B, and if possible, also the C-waterways would be included as 1D elements.”
To conclude, it can be said that the water authority was not aware of most of the implicit decisions discussed.
However, in most cases, they either agreed with the choice or thought it did not matter so much. During the
process, the water authority was involved with at least some of the choices made, and they indicated that
they experienced this as pleasant. Some choices they would have preferred were nevertheless not
implemented, mainly concerning schematisation and initial water heights in smaller waterways.
4.3.3 The role of uncertainty
Interviewees acknowledged the uncertainty of hydrological models. They mentioned that as it is impossible
to validate a flood risk model (2), they are dependent on the availability of elevation data, which is fortunately
precise (2). Furthermore, it was said to be common to do a sensitivity analysis and discuss this with the client
beforehand (2). After such an analysis, they know which choices are relevant (2).The project manager
mentioned that if a choice turns out to be relevant, more attention should be paid to it, like the schematisation
of the Valleikanaal (1). However, uncertainty is not always taken into account once a study is finished and
used by the calamity organisation, as described by the calamity advisor:
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“In my experience, when you bring a figure, it looks impressive and well-thought, and people will
assume that it will go exactly that way. It is always good to keep in mind the margin within a
model in such a case.”
Hence, though the water authority is generally well aware of the uncertainty involved with flood risk studies,
other model output users like the safety regions might not be: they will assume the model output to be the
truth.
4.3.4 Decision-making
The interviewees agreed that, as a water authority, their primary job is to keep the dikes strong and safe (3).
Once it breaches, other authorities, like the safety region and the province, will be responsible for taking
measures, like evacuations (3). Nevertheless, it is explained that if a dike breaches, an advisory team would
be formed, in which probably people of the water authority with technical knowledge would take place (2).
Also, one interviewee mentioned that flood risk models help make a risk assessment and decide which parts
of the dike need reinforcement based on those risks (1). When asking what the ratio of the importance of a
flood risk model would be in the decision-making once a dike would breach, the answer was “leading” once
and “80-90% in the other interview. The following nuance was, however, made:
“There are multiple elements, one of which is the flood risk model. But of course, you need to
combine that with practical knowledge of people who know the area well, in combination with
detailed weather forecasts. So it is always a bit of an accumulation of theory, simulation, and
feeling, and what the gut instinct of an expert says.”
Regarding the different model output scenarios shown to the interviewees, the project manager and the
calamity advisor responded similarly: though there are apparent differences within the scenarios, the decisions
made by the water authority would not differ in any of the cases. All scenarios would lead to the most urgent
level of measures to reinforce the dike and the most critical communication towards stakeholders, like the
safety region:
“If you look at all these figures, in some cases, the effect is less, but you still have a gigantic area
that gets underwater. So even if it is a bit less, it still tremendously impacts such an area. We
have calamity plans, and I think that whatever figure you look at, you are in the maximum level
of upscaling and that it would be unprecedented if something like this would happen in practice.”
In short, the safety region is the main responsible organisation for taking measures or making decisions in
case of a dike breach. The water authority is only responsible for keeping the dikes strong and safe and
communicating about flood risks to other governments. Therefore, different scenarios of model output would
not change the decisions made by the water authority. If the Grebbedijk would breach, they are in the most
urgent level of upscaling anyway.
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5. Incidental findings: documentation & information transfer
During the process of this study, incidental findings were obtained. These related to the role of documentation
and information transfer in the model development process in general and transparency about model choices
more specifically. These are interconnected, as awareness of implicit model decisions could improve how they
are documented and vice versa (Deitrick et al., 2021). The topic ‘documentation’ will be introduced here,
whereafter the methods to observe and study this are explained, the observations are presented and the
results obtained from interviews are described.
Possibly the most critical asset of model workflow management is model documentation. Therefore a
significant challenge related to model decisions is how models are stored and documented to allow for
interoperability (Bonet et al., 2014). Model documentation, namely, increases the modelling process's
transparency (Martinez-Moyano, 2012). Though it is a part of model management, documentation can be
written in technical language and is therefore hard to interpret, making it more dependent on specialist
knowledge and thereby increasing the costs of decision-making based on models (Arnold et al., 2020). Bonet
et al. (2014) argue that while most information regarding environmental models is stored in individuals’
digital or biological memories, efficient documentation and transfer of environmental models can increase the
creation of relevant knowledge and improve the transfer of this knowledge to decision-makers. However, in
practice, documentation of model workflows in earth-systems sciences is modest (Overeem, Berlin & Syvitski,
2013; Jakeman et al., 2008). Strongly related to documentation is reproducibility. While reproducibility is one
of the core principles of scientific research (Popper, 1959), computational hydrology is often not reproducible.
The code should be readable and reusable to make computational hydrology more reproducible, and the
workflow should be well-documented. Moreover, the latter two things should be publicly available (Hutton et
al., 2016). In short, model documentation is a relevant component for the model development process, as
acknowledged by previous studies.
The incidental findings of this study were based on different forms of data collection. They were partly based
on natural, non-participant observations. This means that the researcher is not involved in the processes and
observes them naturally, without manipulating anything (Kumar, 2014). To be able to do a sensitivity
analysis, it was necessary to first reproduce the results of a basic scenario by running both the scripts and
the model. It became evident that many steps to do this were not documented and required manual preprocessing steps. Also, getting the correct software settings, environment, and processing strength appeared
to be complicated. As some of these observations already presented themselves at an early stage of the
study, the interviews with both the model developers and the model users were extended to obtain insight
into the role of documentation and information transfer in hydrological model development. In the interviews
with HydroLogic, the questions related to the procedures regarding documentation of script development and
use, previous knowledge that is assumed necessary to work with a script, and the use of scripts by other
parties and persons. In the interviews with Vallei & Veluwe, the questions related to how model information
is usually transferred from consultancy/engineering companies to them, their requirements regarding
documentation and possible difficulties they experience with documentation. The combination of observations
and interviews gave more insight into the role of documentation and information transfer in this case study.

5.1.Observations
The observations revealed multiple documentation and information transfer flaws in the studied case. To start
with, the principal author of the scripts did not work at the engineering company anymore at the time of the
study. Though people who took part in the development process knew some of the necessary information to
use the scripts, no one was entirely informed. This led to a process of more than three months to get start
the initiate a first model run: each time a part of the information was found, this had to be discussed with
other people to get the next piece of information. An important reason for this was that, although a relatively
extensive document that described the functioning of the pre- and post-processing scripts was available, the
most fundamental step - how to use the generated files to run the D-Hydro model - was not described nor
documented anywhere. The fact that this was done by an interactor, which was called by an MDU file, was
never mentioned. It was found that the MDU files had to be changed manually to run the model using the
files generated in the scripts. Also, the grid generated with the scripts was not clipped to the grid of the river
Rhine. This had to be done manually. How that should be done was not documented. Moreover, the Water
Authority received all the necessary files to use the pre- and post-processing scripts, as also the manually
created documents and the suitable software environments to run them. The interviews and regular contact
made it apparent that they were unaware of all steps needed to run the scripts as they never tried making
significant adjustments or running it on another computer.
Related to choices made in the development of the scripts, a report was available describing the reasons for
some of the choices made in the script and a sensitivity analysis that was done. This is the same sensitivity
analysis performed by HydroLogic referred to in sections 3 and 4. However, the report did not describe the
reasons for choosing the specific features used in the sensitivity analysis, nor why they did not choose some
other possibly relevant features, like implementing the initial water height of ditches in the model. The last
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flaw was that some files were generated within the pre-processing script but saved as an input file in the
input directory. After adjusting a parameter or method, not all these files were overwritten when one ran the
scripts. Therefore, adjustments in the scripts were not updated in all files in the input directory. In short, all
observed flaws relate to manual and thinking steps not being written down. Thereby, the necessary
information to understand and run the scripts and model was lost when the main author switched jobs. This
is also the reason why it was not possible to run the model for this study. This is particularly remarkable
because these scripts were developed with the intention to be transparent and reproducible, as indicated in
the interview with both the model developers and the model users. These findings are thus despite aboveaverage attention to transparency and reproducibility and might even be more worrisome for studies using a
case without this attention.
Also, some best practices could be extracted from the script development. The scripts were all structured the
same way, starting with the packages to be imported, followed by the path references, the definition of
parameters used, and the functions. The scripts ended by calling those functions. A report explained each
script, which data were needed, what was done with the data, and which output was generated. The structure
for the input and output directories was made and explained in this report. Lastly, the definition of the
refinement factors, creating a tiff file with particular values for specific shapes, allowed for an easy adjustment
of the degree of refinement and the locations to be refined. Hence, the identified best practices relate to
things that were explicitly and clearly reported.

5.2 Interviews HydroLogic
The questions related to documentation and reproducibility in the interviews with HydroLogic showed that
this has low priority for model developers. To start with, it was mentioned that at the start of a project, a
note is made with some agreements (2). There are, however, no protocols or manuals on how to document
the model development process, though all interviewees knew the good modelling practice handbook (3)(Van
Waveren et al., 1999). This handbook is not actively used in every modelling project (2), as evident from this
interview quote:
“In the end, all existing standards or protocols on the model development process are nice, but in
practice, modellers do not use them. Everyone just uses their own modelling approach.”
It was said that substantial improvement or choices that deviate from the standard should be documented
(3). The scripts are only readable for people with experience with Python and hydrological modelling (2) and
are not made for a client to fully understand them (2). The client, therefore, usually also does not even
receive the scripts:
“Usually, the only thing provided to a client is a report for which model/scripts have been used,
the output, and possibly which maps were used as input.”
“To our experience, clients are not so interested in the scripts; they are most interested in the
output. That is because that is more visible and tangible. We do not really discuss scripts with our
clients normally.”
It is common to use a script that was developed by someone else (2), and it is perceived as important that
someone with the same knowledge as the model developer would get the same results when using it (2):
“The most important condition for documentation is that one should be able to reproduce the
study.”
Other relevant remarks related to script development are that documentation is mainly done by versioning
scripts (1). The script itself is therewith already a log file (1). In this specific case study, the original scripts
had to be adjusted because they first included steps only the developer understood (1) and to reduce the
number of manual steps. But still, there were manual steps involved:
“I think I manually adjusted the cross-sections in locations where there were bridges or wrote a
small script to do so.”
Moreover, choices are usually written down in a report, but not every parameter can be described because
there are too many in a model (1). It is said to be less efficient to continue with a modelling project someone
else worked on before (1), and documenting everything is not perceived as valuable:
“In a small company like ours, the one continuing to improve scripts is usually also the one who
worked on them before. So it is not of added value to document it every time you improve a
script.”
Lastly, the level of detail in documentation also depends on the time and budget available (1):
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“At the start of this project, I made a consideration: with this amount of days and budget available,
I can work everything out to this level of detail. But if I would have gotten twice the budget, I
could have spent more time on that.”
To summarise, model developers are somewhat aware of the relevance of reproducibility and documentation
of the steps they take. However, they all use another approach and do not feel an urge to do this in a
standardised way. They also assume that the people using a script or model have affinity with hydrology and
programming and usually do not expect a client to look into the scripts or the model they developed. Lastly,
the level of documentation depends on their available budget.

5.3 Interviews Vallei & Veluwe
The interview with Vallei & Veluwe produced a variety of results, with most statements only being mentioned
by one interviewee. In many steps of the model development, the process is said to be based on trust (2).
E.g., after indicating the study’s goal, it was trusted that the model developers would know how to reach that
goal based on their expertise (1) and that they would know which documentation was relevant for this (1).
After the scripts were developed and model runs were performed, no formal evaluation of the delivered work
was done (2), though one interviewee said this might have been a good idea because once the water authority
starts working with a model, they usually discover things that were not modelled the right way (1). The
scripts, model, and necessary dependencies were installed on a computer of the water authority to
demonstrate that they worked on their system (1). In the past, however, the water authority would have
mainly been interested in the model output and not the steps used to generate that output (1). As indicated
by the project manager, a pre-set requirement of this study was that it would be in the form of a workflow.
This would add to the efficiency, reproducibility, and consistency. Because it had to be open-source, some
documentation was automatically required. Apart from this, no other requirements were pre-defined in this
case study (1). However, during the interviews, some general requirements or wishes from the client’s side
were mentioned that were not explicitly required in the tender. Related to the output generated by the model,
the quality of details near the dike breach location (1) and the area-specific knowledge (1) were said to be
necessary. It would be appreciated if a company showed some references or example projects performed
(1). Furthermore, a simulation should be as close as possible to the truth (1). Usually, this would imply strict
requirements on the levels of calibration and validation (1), but that was not possible in this case because it
concerned a flood risk model. Furthermore, the model and the process of developing it should be adaptable,
as one can not decide everything beforehand (1), as evident from this interview quote:
“When I worked in Australia, I experienced that everything was more pre-determined: rules and
laws are essential there, so they are also afraid of claims. I heard the same about Germany;
everything just happens the way you determine it beforehand. While during the process, you
always find out that things work out differently than you expected. So it is mainly important that
a consulting company can anticipate and is flexible, to get the model right.”
Regarding documentation, a logbook was said to required, though there are no requirements on what this
logbook has to comply with (1). Whether choices should be part of such a logbook was said to depend on the
type of choice: choices concerning schematisation and thinking steps should be documented (1). The water
authority should be able to re-run everything and make adjustments if necessary (1). Therefore, making the
tools runnable on the computer of the water authority was included in this study (1). Moreover, the following
was said concerning the culture of documentation compared to that of Australia:
“When I got back to The Netherlands, I noticed that everything was well documented in Australia.
That also had to do with the claim culture and that you might need to come to the court to explain
how you got to certain findings. And everyone checked each other there, according to the foureye principle, whether everything was documented right. Everything was archived well there, too,
while in The Netherlands, archiving is modest. And when I got back, I now remember, I noticed
that that is a flaw of The Netherlands, that everything is a bit disorganised. When I was working
at an engineering company, models were sometimes lost, or logbooks were not saved well. So I
think that happens too few in The Netherlands. Still, everything you think about, all assumptions
you make and steps you take that are not very obvious or might be relevant if you adjust the
model or work with it, should be documented.” (….) “I think that is very difficult because when I
just started working here, I wrote a quality document of how we should do things. But I have
noticed that there is not so much commitment and a culture here which is hard to break through.”
Going a bit deeper into the example of Australia:
Interviewee: “In Australia, we had codes by which you knew what case simulated which situation.
So you had, for example, the code EX, which indicated existing, so which was used for existing
situations. (….) Behind that, you had a number or letter, which indicated whether it was a big or
a minor adjustment. And all those codes were saved in a run-record in Excel, with a short
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explanation for each case, stating who made it, when, etc. And then there was a logbook with a
more extensive description. All that was saved in archives. I tried implementing the run record
here, but I had to follow it up every time. (…) It is just not really in our system here.”
Interviewer: “Do you feel like, as far as you can say something about that, there was less double
work in Australia?”
Interviewee: “It was definitely more efficient. You could find why, where, which model, and who
worked on it if you needed that. And also, the transfers were a lot easier because you had a clear
document in which all steps were described.”
The calamity advisor indicated that it is essential to have all relevant information available in a central place
and not depend on one or two people in case of a calamity to be able to run the model using the exact
circumstances of the dike breach. He also indicated that it would be helpful to have a report on which choices
were made in a project, so someone who looks at the results is better aware of what they are looking at
exactly and to make sure they are also aware of the uncertainties involved. Also, he indicated that it is
essential that model output is interpretable for non-experts:
Interviewee: “There are always teams involved that do not necessarily have a solid hydrological
background. So in those cases, it is good if a model is interpretable, even if you have less
knowledge of the underlying algorithms and choices made.”
Interviewer: “Do you have concrete examples of ways in which you can do that?”
Interviewee: “To start with, it is, for example, good to have a clear legend. It helps if you know
what you are looking at.”
The water authority highlights the importance of documentation, in this case study specific and in general.
To them, it adds to a modelling study's efficiency, consistency, and reproducibility. Specific choices, like in
the schematisation, should be documented. Lastly, an easy-interpretable presentation of the results is
relevant.
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6. Discussion
Within this discussion, first, the implications of the results previously presented will be discussed. Next, the
validity and limitations of this study are discussed. After that, the study is placed in the bigger scientific
context by comparing the implication of its results to other similar studies. Finally, some lessons extracted
from this study are presented as a framework for a more sustainable model development process.
Recommendations for future research are formulated throughout this section.

6.1 Implication of results
Based on our results, model choices leading to implicit decisions do not seem to affect decisions made by
model users. Both the model developers and users did not assume most of the implicit model decisions that
formed the basis of this study to be relevant. As far as it could be investigated, they indeed appear not to be
so influential on the model output. However, choices in schematisation were said to be much more relevant
by both model developers and users and proved to be influential on the model output by an earlier sensitivity
analysis. Nevertheless, in the end, when the dike would breach, even different schematisation choices would
not significantly impact the decisions made by the water authority, as found by the interviews.
However, different choices in schematisation might influence the choices made by the safety region. This is
illustrated by the example shown in Fig. 8. It shows two scenarios: one in which the Valleikanaal and the Eem
are schematised as 1D (left) and one in which they are not (right). Indicated with dots are the locations of
the hospital Gelderse Vallei (black) and a high-voltage station in Veenendaal (white)(Stedin, n.d.). In the left
case, the water does not reach the Gelderse Vallei, while in the right case, it does. In the first case, on the
other hand, the water reaches the high-voltage station and its surroundings approximately one day earlier
than in the second case. Apart from these examples, it is evident that in these two cases, a different number
of people would have to be evacuated, as the water flows much further into the area in case 1. Consequently,
though the water authority would not take other measures, the safety region presumably would.
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High-voltage
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Arrival time

With 1D schematization

Arrival time
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1 hour
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Figure 8 - Arrival times resulting from the sensitivity analysis. In the left figure, waterways have been
schematized as 1D, while in the right figure they have not (adapted from HydroLogic BV (2019)).

Though the model users care about the motivations for schematisation choices, they are not all documented.
The water authority, e.g., proposed to include the initial water height in all water ways, but it was chosen not
to do so, yet not argued why not. Additionally, the incidental findings showed that, though both the model
developer and the model user assumed that the documentation had been above average in this case study,
there was not one person who fully knew which steps the project had included. When talking about it more
generally, it was found that this is a common flaw in other hydrological modelling studies performed in The
Netherlands. Model developers suppose model users are not so interested in the steps underlying model
development, but the model users do feel like transparency about this is essential. This study also showed
that documentation is undoubtedly crucial to make model development more efficient, reproducible and,
therefore, more sustainable in the long term. The Lessons Learned section will discuss these implications
more elaborately.
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6.2 Validity & limitations
As most of the results collected by this study were qualitative, it is mainly relevant to assess their validity.
The validity is the degree to which the research instruments answered the research question. Albeit it is
challenging to say something about validity in qualitative research because of the unfixed nature of this type
of research (Kumar, 2014), Guba & Lincoln (1989) argued for testing the validity of qualitative research based
on its credibility, transferability, dependability, and confirmability. Firstly, credibility depends on the study
participants and the degree to which they agree with the outcomes. Therefore, this is safeguarded by sending
all results to the interviewees to get their consent for the formulated results. Secondly, looking at
transferability, Kumar (2014) argued that if a case study is typical of cases of a particular type, “a single case
can provide insight into the events and situations prevalent in a group from where the case has been drawn”.
This case study focused on a relatively common project in The Netherlands: a water authority that outsources
a modelling study to an engineering company. The fact that the water authority brought it forward as a useful
case confirms this. Therefore, it can be assumed that the implications described are transferable to other
cases. As there was even a specific focus on reproducibility and flexibility in this case study – i.e. the water
authority wanted to use the same scripts for multiple cases and be able to run the scripts themself - it might
even be argued that it shows a positive bias concerning documentation practices and documentation might
be worse in many other cases. Moreover, during the interviews, multiple examples from other studies were
mentioned. This implies that the topics discussed were not only relevant for the case study but also in other
projects. In short, the credibility and transferability of this study are reasonable.
The other, third component of validity is dependability. It is impossible to control some factors affecting
dependability in qualitative science. This applies to, for example, the wording of questions, the mood of the
interviewee, and the physical setting (Kumar, 2014). In this study, e.g., the interviews were conducted in
real life and online. One might argue that this difference in setting could impact the course of the interviews.
However, it was partly covered by the fact that interviewees all received and checked their interview
transcripts. This allowed for possible misinterpretations of questions or answers to be rectified. Lastly, the
confirmability of this study is complex, as it contained a lot of personal communication. Also, the process and
steps involved to get the scripts and the model working would be different for anyone conducting the study.
Nevertheless, being an explorative study, the ability to re-do it up to this level of detail might not be relevant,
while based on the methods and interview guides, it could be reproduced in a general sense. Hence, the
dependability and confirmability are moderate but sufficient for this study.
Although the study’s validity can be assumed to be satisfactory, it has some limitations. The most important
one is the amount of data that was collected. This is partly caused by the fact that a limited number of people
were involved in the case study, leading to a limited amount of qualitative interview data that could be
obtained. Nevertheless, as all people involved in the model development process were interviewed, it can be
assumed that a realistic and reliable image was formed for this case study. However, the amount of data is
too limited to infer any statistics from the results obtained by the interviews. Also, the amount of quantitative
data collected within this study was more limited than anticipated. Due to the difficulties described previously,
not one model run was successfully performed. Therefore, based on this study, nothing convincingly can be
concluded about the effect of adjusting implicit choices on model output. Moreover, only a limited number of
implicit decisions could be identified in the pre-processing scripts. If the model itself had also been
investigated, more implicit decisions might have become apparent. Though a local sensitivity analysis could
be performed, using only the output of the pre-processing scripts, this sensitivity analysis was rather
simplistic. When investigating non-linear relations between parameters, a local sensitivity analysis is not
statistically valid (Saltelli et al., 2019). However, for the explorative purpose of this study, obtaining statistical
data from the interviews and the model sensitivity to specific parameters was not endeavoured.
The study had two other limitations. The first is that the only model studied was a flood risk model. Model
performance varies depending on its application, e.g., whether it is used to simulate extreme dry or wet
events (Orth et al., 2015). Drought events are, for example, triggered by different processes than flood
events, and therefore the importance of specific decisions on model output differs (Melsen et al., 2019).
Moreover, various applications change the focus on specific parameters of a model, like the time scale
(Horton, Schaefli & Kauzlaric, 2022). Also, within flood risk modelling, uncertainty and sensitivity are different
for each location (De Moel et al., 2014). Therefore, if the same study was done for another hydrological model
application, different results might have been obtained related to certain choices’ importance and uncertainty.
The last limitation stems from the fact that only the water authority was included in the case study, and no
other end-users of the flood risk output, like safety regions. Because the water authority is responsible for
outsourcing and controlling the model work, it would be of added value to acquire a more substantiated
insight into possible requirements safety regions have for flood risk models and the effect of different output
scenarios on their decision-making.
Based on the limitations described, it is recommended to set up a study similar to ours on a larger scale:
including multiple cases, engineering companies, water authorities and other end-users. Such a study could
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enforce the plausibility of our findings and lead to more nuanced insights for two reasons: the findings would
be more statistically substantiated, while different cases also differ and will lead to new insights. The former
is rather comprehensible. Collecting more qualitative interview data could lead to a more quantitative
induction of these results. A good example is the study of Melsen (2022), in which the conduction of 14 similar
interviews led to the identification and count of 83 motivations for model choices. Moreover, if, for these
cases, multiple sensitivity analyses could be performed successfully, a better-grounded understanding of the
role of either implicit model choices or choices in schematisation in flood risk models could be obtained.
Preferably, these would be global sensitivity analyses, as these are more statistically sound in the case of
non-linear relationships (Salteli et al., 2019). In flood risk calculations, it would be recommended to then
focus on the sensitivity of the maximum water depth, maximum flow velocity, and arrival times, as these are
the most relevant to calculate damage, casualties, and the time needed to evacuate an area (De Bruijn et
al., 2018). Secondly, as explained before, investigating different cases that focus on modelling different
locations and/or hydrological phenomena would likely yield different results. Therefore, it would be
recommended to include hydrological models other than flood risk models in this case study. Hence, a similar
study on a larger scale would substantiate and nuance our results both qualitatively and quantitatively.

6.3 Scientific outlook
Comparison to other literature
The study by Deitrick et al. (2021) concludes that awareness of implicit decisions will increase transparency
and sees documentation of these decisions as a method to do so. Based on a survey, they found that data
availability, spatial and temporal scales, and methodological soundness were the most influential in selecting
a model, more than, for example, the model purpose and representation of environmental processes. The
ease of interpreting the results was one of the least influential factors. Other modellers and literature are of
the most considerable influence throughout the process, more than, e.g., the community members of the
projects’ location or the policymakers involved. Moreover, they focused on the epistemic and ethical values
underlying choices, something this study did not do. This showed a range of different values which are of
influence. To conclude, the factors of influence in selecting a model found in the study by Deitrick et al. (2021)
are similar to factors that influence choices within a model found by this study, but it is recommended to
focus on the role of ethical and epistemic values in underlying these factors in future studies as this would
improve the understanding of model choices and increase awareness of their role.
The study by Melsen (2022) showed that in scientific modelling, the motivations for model choices are not
objective but based on social constructs. As such, choices are influenced mainly by the team a scientist works
in: specifically by colleagues’ experiences. Also, personal experience and judgment are relevant. On the other
hand, the study by Melsen et al. (2019) showed that such subjective choices potentially impact model
simulations. Their study also showed that the most critical choices influencing these simulations are different
for flood and drought events. The case-specific difference in the importance of model choices is enforced by
the study by De Moel et al. (2014). Upon modelling the flood risk of a dike in the south of The Netherlands,
they found that the uncertainty of expected damage of a flood event is high and that the sensitivity to specific
parameters of these estimates depends on the location-specific characteristics. The fact that model choices
are not explicitly scientifically based in most cases also became apparent from this study. Moreover, the
findings by Melsen et al. (2019) and De Moel et al. (2014) add to the argument to strive for more awareness
of model choices’ relevance and a case-specific analysis and documentation.
The study by Bremer et al. (2020) showed that it is crucial to consider the needs of model users when
developing a model. Based on their results, they argue that the information a model provides is not used
instrumentally but in a more nuanced and complex decision-making process. This is somewhat contradictory
to our results, as water users indicated that model results are of significant importance in their decisionmaking. Nevertheless, similar to our study, Bremer et al. (2020) found that model users are mainly interested
in the fundamental processes simulated by hydrological models, making credibility of lower concern. Adding
to that is the fact that our results showed that in case of a breach, the water authority would be in the highest
state of calamity anyway. Nevertheless, it would be interesting to study how local knowledge from
stakeholders can be incorporated into the modelling process.
Hamilton et al. (2019) developed a framework to evaluate a model beyond only looking at its quantitative
performance. This evaluation comprises of eight criteria. Most of these criteria were, though sometimes under
a different name, identified as important by our findings and will be discussed in the Lessons Learned section.
Only salience and satisfaction were not discussed in this study, nor were all the features that define the
legitimacy of a model, like the credibility of inputs. Salience, in this case, relates to the level of usefulness
of the model output for model users, and satisfaction indicates how well the model output fulfils the
requirements of the model user. It would be relevant if future studies focus on the role of these concepts.
This could be done by, e.g., including the safety regions in the research and assessing how they feel about
the purpose, usefulness and demanded presentation of the results of a hydrological modelling study.
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Two studies by Arnold (2016) and Arnold et al. (2020) found that strategies for storing model code to re-run
it are lacking, similar to our findings. Though model managers are aware of the necessity, model development
guidelines have not been developed (Arnold, 2016). They argue that “operational guidelines and standards
also foster transferability of knowledge while imposing an additional layer of technical expertise on an
organisation” (Arnold et al., 2020). Also, they evaluate a 10-step approach to the environmental modelling
process, which appears to have some shortcomings: it is hard to revise previous steps in the process, evaluate
the effects of choices made in earlier stages on later phases, and evaluate stakeholders’ awareness of this.
These shortcomings are caused by the fact that many steps in the workflow are manual, not all relevant
knowledge is available transparently, and licenses are not commonly available, findings which are in line with
ours. They argue that considering these shortcomings, the modelling process should be managed better.
Maskrey et al. (2022) investigated the potential of participatory flood risk management. Participatory flood
risk modelling is of added value because the experiences of local, non-specialist stakeholders can help
improve the models and help understand the social consequences of floods. Therefore, similar to our findings,
they argue that it is essential to make flood risk assessments accessible for relevant but non-specialist
stakeholders. As it is challenging to do so while retaining enough complexity to represent the whole flood
system, they formulate five quality criteria for participatory flood risk model, which will are – though
sometimes implicitly – part of the framework presented in the Lessons learned section.
Ayllon et al. (2021) proposed the use of a standardised documentation format, in combination with a
modelling notebook in which notes are made during the process. In both, standardised tags and terminology
should be used. Similar to our study, they argue that this enhances efficiency, reproducibility and reuse of a
model. They add to these arguments that facilitates collaboration between modellers, by, e.g., tracking each
other’s documentation work, and that it improves quality of the modelling work because keeping a notebook
requires to reflect on the work done regularly. By this, they argue that it increases long-term productivity.
To conclude, other literature showed similar findings concerning implicit decisions and documentation as
found in this study: choices are often subjective and therewith not always substantiated, while they might
impact model output; the way in which a model is used by decision-makers should be considered; and
documentation practices enhance transparency, reproducibility and other relevant criteria, therewith
improving model performance. The fact that multiple previous studies had results similar to ours enforces the
implications described previously and lessons described in the upcoming section. Yet, it also inspires for future
research. Because of the important role of documentation found by multiple other studies, it would be
recommended to investigate the role of documentation specifically. It would be relevant to focus on what
model developers and users would prefer to be included in a guideline or standardised reporting format. This
information would be very helpful for the actions described next.
Lessons learned
Following the findings of this study, some lessons can be extracted. By comparing this to existing literature,
takeaways are formulated concerning the management of model development. A framework that potentially
adds to an improved and more sustainable model development process is introduced. The framework mainly
links this study’s results, the good modelling practice handbook (Van Waveren et al., 1999) and the model
management leverage points (Arnold et al., 2020), yet also uses some of the evaluation concepts from other
studies that were discussed (Hamilton et al., 2019; Maskrey et al., 2022). An overview of this framework is
visible in Fig. 9 and will be addressed in the following paragraphs.
As this framework aims to improve the model development process - specifically in the Dutch water
management sector – it is built by distinguishing what improvement means for model developers and users.
This study identified that these have different objectives and requirements for good model development and
a good model development process. The objectives or requirements identified in the interviews with both
model developers and users can be categorised, as visible in Appendix 5. This leads to seven features: quality,
efficiency, convenience, flexibility, reproducibility, accessibility and transparency. Their definitions within this
context are given in Table 6. It should be noted that these features are not entirely mutually exhaustive: it
can be argued that transparency adds to reproducibility (Martinez-Moyano, 2012; Hamilton et al., 2019) and
accessibility (Hutton et al., 2019), and reproducibility adds to efficiency (Hutton et al., 2016). Also, flexibility
adds to quality (Hamilton et al., 2019). All seven features, especially together, increase the sustainability of
model development processes (Ayllon et al., 2021). Sustainability, as used in this case, means “the ability to
continue over a period of time” (Cambridge Dictionary, 2022): all these features increase the ability to use a
model or script that is being developed for a longer time, by more people or organisations and for different
circumstances. Therewith, the modelling work becomes more effective, leaving more time for improvements
or additional studies.
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Table 6 - Definitions of the seven identified features that improve the model development process

Feature
Quality
Efficiency
Convenience
Flexibility
Reproducibility
Accessibility
Transparency

Definition within context
The level of accuracy of a simulation compared to the physical reality.
The ratio between time and money needed for a modelling study and the work delivered.
The ease and comfort of the work done for a modelling study.
The possibility to adapt a script or model to changing circumstances or different scenarios.
The possibility for someone else to re-do the model runs in the exact same way.
The ease of interpretation of the model results and understanding of the modelling
process by non-experts.
The level of insight into the steps taken and choices made in the model development
process that is available.

The question that remains is how to achieve these features. As shown by the incidental findings of this study
and earlier studies by, e.g., Deitrick et al. (2021) and Arnold et al. (2020), documentation could have an
important role in this. Arnold et al. (2020) argue that rules for long-term archiving of models are low-hanging
fruit to improve model management in watershed agencies. As visible in Fig. 9, six of the seven features that
were identified would benefit from better documentation practices. Only convenience does not have a clear
link to this, yet when requirements related to convenience are considered, this can go together (Ayllon et al.,
2021). Hence, improving documentation will improve model development. For this reason, it is helpful to
formulate some actions that can be undertaken to improve documentation practices. In the good modelling
practice handbook (Van Waveren, 1999), reporting and archiving is the last step of the step-by-step modelling
guide. It is argued that a report should be written in the target group's language – linking to its accessibility
– and the study should be made reproducible. We argue that a more extensive explanation of documentation
practices is required to achieve the other five requirements.
Based on the three leverage points of model management and suggestions to improve documentation as
defined by Arnold et al. (2020), three leading practices to enhance documentation of the model development
process are identified. Firstly, related to cyberinfrastructure, a general infrastructure to save dependencies,
environments, reports on choices and run records should be developed. This would also need to include
standardised terminology, as in the example from Australia and the study from Ayllon et al. (2021). Moreover,
within scripts, parameters should be defined explicitly to be able to adjust them, as generally done well in
this case study. Besides that, all manual steps have to be automated. Secondly, linking to operational
procedures and standards, multiple guidelines and checklists should be developed to be used during the
model development process. This would need to be, e.g., a checklist to use during preparation meetings
between an engineering company and a client to ensure all requirements concerning reports and
documentation are discussed. Also, a guideline on documenting the steps a model developer endures should
be developed, in which, e.g., choices are classified and it is argued how they were chosen and how uncertainty
is assessed. This guideline should be mainly based on the steps described in the Good Modelling Practice
Handbook (Van Waveren et al., 1999) and should also focus on ways to report understandable for nonexperts. Also the documentation format proposed by Ayllon et al. (2021) could serve as an example and
starting point. Studies on the salience of hydrological models and the stakeholders’ preferences, as
recommended previously, should define the exact formulation and composition of such guidelines or
checklists. Lastly, related to knowledge, skills and capacity, training for documentation practices should be
provided for both model developers and model users. These would increase their awareness of the importance
of good model documentation and inform them about concrete actions they can undertake.
The actions described above align with the objectives of HydroLib: to increase the efficiency of modelling
workflows in the Dutch water management sector and improve the decision-making based on them. To make
these actions valuable, they should be developed for and implemented on a larger, preferably national scale,
a goal that could become part of the continuation of the HydroLib project. Even more so because the practices
that would fall within these actions are the responsibility of different parties involved in HydroLib. The water
authorities should, e.g., make sure that the model can be run and adjusted on multiple computers and by
various people within their organisation. The latter is facilitated by automated yet flexible modelling steps
and more transparent documentation. Deltares could be responsible for facilitating the training described and
taking the lead in setting up guidelines and checklists. Lastly, engineering companies should include the costs
of reporting in their proposal for a government’s or water authorities’ study request. Also, they should ensure
that scripts, including their choices and documentation, are constantly checked by more than one person.
Hence, the improving model documentation practices is a joint effort in which all parties involved should take
their responsibility.
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Figure 9 - Framework for improved model development based on the requirements for model developers and model users.
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7. Conclusion
This study aimed to investigate the causes for implicit decisions in model development and their potential
effect on the decision-making of a model user. This was done by looking at a case study of a flood risk model
for a dike in The Netherlands. The first step has been to obtain insight into the reasons for specific choices
made by the developers of this model. Through interviews, it is found that these reasons vary, but in most
cases, they are not scientifically based or even thought about consciously. In line with the latter is that most
implicit decisions are not perceived as important by the model developers and they disagree about which
choices are relevant. Secondly, a sensitivity analysis was planned to be performed by adjusting the identified
implicit decisions. However, it turned out to be impossible to run the model, even with the help of model
developers and other experts. This was caused by poor documentation of the manual steps and processing
requirements involved in running the model. Albeit this led to a minimal amount of results which could be
obtained – only the effect of adjustments on the pre-processed elevation grid – the implicit decisions do not
seem to impact model output significantly. In the last step, it has become clear that model users are generally
unaware of implicit choices, but their impact on the decision made by the model users is also found to be
minimal. Altogether, it can be concluded that the reasons for implicit decisions are various but generally not
well substantiated. Nevertheless, in this case study, they seem to be of negligible importance for model
output and decision making.
However, during this study, some relevant incidental findings were obtained. To start with, the relevance of
choices in schematisation is acknowledged by both model developers and users. Also, a sensitivity analysis
confirms that these choices can significantly impact the output generated by a model. Though the differences
in model output still do not affect the decisions made by a water authority, it can be assumed that they would
affect the decisions made by safety authorities and governments. Therewith, it potentially affects the impact
of a dike breach event. As said, the relevance of these choices is acknowledged, and therefore water users
want these choices to be transparent. The latter can only be achieved if such choices are documented, which
is generally poorly practised in the water management sector in The Netherlands. This is also apparent from
the fact that it was impossible to reproduce the model runs due to too limited documentation, while this study
was even supposed to be and perceived as relatively reproducible and transparent by both its model
developers and model users. Other studies confirm that better forms of documentation and reporting are
required, not only for model choice transparency (Martinez-Moyano, 2012) but also for the efficiency,
reproducibility, flexibility, accessibility, and quality of model development studies (Arnold et al., 2020; Bonet
et al., 2014; Deitrick et al., 2021; Hutton et al., 2016). It would therewith improve the model development
process, both for model developers and for model users, thereby enlarging the sustainability of these
practices. This is vital in a world where hydrological models are increasingly being the leading tools in waterrelated decision-making by governments and other organisations.
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Appendix 1: Implicit decisions that are being investigated

Figure A1 - Part of the elevation model script where the value of the width of the buffer zone next to the breach
location is set to 60m and the resampling method is set to maximum and average. Also, the No Data Value is set to
-9999.0 here.

Figure A2 - Part of the elevation model script where multiple definitions of no-data values are used.

Figure A3 - Part of the 1D waterways script where the friction coefficient is set to 0.035.

Figure A4 - Part of the refinement grid script where the refinement factors and buffer parameters are defined.
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Appendix 2: Interview guide HydroLogic
Introduction
•

Introduction interviewer

Master student Earth & Environment of the WUR, writing her thesis.
•

Introduction research project

It is part of the HydroLib-project and aims to create awareness on (implicit) model decisions and their effects
on model output and policymaking, by investigating a case study.
•

Purpose of interview

Describe the factors that define certain choices made by model developers, leading to implicit decisions in a
model/script. You were selected as you were involved in the development of the pre-processing scripts made
for the flood-risk modelling of the Grebbedijk, used by Vallei & Veluwe.
•

Length & structure of interview

The interview will take around 1 hour. In the first part, first some background questions are asked, then some
questions about the specific model choices, uncertainty and the process of script development. It ends with
some questions about documentation and information transfer.
•

Privacy

The answers to the questions are anonymous. The results following from the interviews will be send to the
interviewees for approval.
•

Recording

Do you give permission that this interview is being recorded and transcribed afterwards? Do you want to
receive the transcriptions for approval before they are used?
•

Do you have any questions before we start?

Background information
1.
2.
3.
4.
5.

What is your academic background? (e.g., more focused on IT or on Hydrology, or something else)
What is your professional background? (e.g., mainly worked in Academics, or consultancy, or decision
making etc.)
What previous experience do you have with hydrological modelling, both in academics as in the rest
of your career?
What do you think is the most important application of hydrological modelling? And of flood-risk
model specifically?
What is your current role in HydroLogic? How often do you work with models/scripts?

Case-specific choices
6.
7.
8.

What has been your role in the development of the Hydrologic pre- and postprocessing scripts for
use of the D-Hydro model for flood risks of the Grebbedijk?
Who else was involved in the development of these scripts?
For this investigation, we are looking at some specific decisions that are embedded in the script you
developed. Can you explain for every or one of them, how that choice was made? And whether you
considered alternatives? Did you try alternatives for each of the decisions?

Pre-processing
script
Elevation model

1D watercourses
Refinement grid

Component

Decision-making
process/factors

Buffer around breach = 60 meter
Resampling method = average
Different definitions/ values for
no data
Friction coefficient = 0.35
Refinement factors = [1,1,4]
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Alternatives/possible
range (and why?)

Uncertainty, choices & ethics
9.
10.
11.
12.

To what extent do you feel confident in the model?
To what extent do you feel confident in the model output?
How do you normally cope with uncertainty in hydrological modelling?
How do you judge if model output is truthful / plausible? How do you estimate the plausibility of
extrapolations beyond observation range (as is the case for flood-modelling)?

13. What is the purpose of these scripts, to your opinion?
14. Which part of the model output has priority in these scripts? Or more specifically: which
parameter(s)/location(s) is/are most important and should therefore be most accurately predicted?
15. What do you think is/are the most important choice(s) in flood-risk modelling? (e.g., data/model)
16. To what extent are your model choices influenced by the purpose of the scripts you develop?
17. To what extent do you think the model output is used in policymaking? And if so, how?
18. To what extent do you consider the implications of policymaking while developing the scripts?
19. To what extent are the model choices influenced by the client you develop the scripts for? To what
extent are they involved in the process of script development?
20. How often do you discuss choices with colleagues? Which type of choices are these?
21. To what extent do you feel like your choices influenced the output of the model?
22. Are there any other remarks you wish to make, concerning the choices we discussed?

Information transfer
23.
24.
25.
26.
27.
28.

How do you normally log your work for a script/model?
How often do you document the arguments/reasons for certain choices you make in a script/model?
How often do you use a script that was developed my someone else?
What do you concern relevant information to be documented related to a script/model?
Who should be able to use the scripts you develop?
What background knowledge do you consider necessary when using a script?

Guidelines
29. Do you use any protocols or guidelines in the model development process?
30. If yes, are there any guidelines for uncertainty analyses?
31. If yes, are there any guidelines for documentation and reporting of the model development process?
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Appendix 3: Interview guide Vallei & Veluwe
Introduction
•

Introduction interviewer

Master student Earth & Environment of the WUR, writing her thesis.
•

Introduction research project

It is part of the HydroLib-project and aims to create awareness on (implicit) model decisions and their effects
on model output and policymaking, by investigating a case study.
•

Purpose of interview

Describe the way in which different model output scenario’s affect decision-making. You were selected as you
would potentially use the model output created by the scripts from HydroLogic & D-Hydro to make decisions
under flood risk conditions for the Grebbedijk.
•

Length & structure of interview

The interview will take around 1 hour. First, some background questions are asked, then the different model
output scenarios are discussed one by one and finally compared, and lastly there are some general questions
about model choices, uncertainty, documentation and information transfer.
•

Privacy

The answers to the questions are anonymous. The results following from the interviews will be send to the
interviewees for approval.
•

Recording

Do you give permission that this interview is being recorded and transcribed afterwards? Do you want to
receive the transcriptions for approval before they are used?
•

Do you have any questions before we start?

Background information
1.
2.
3.
4.

What is your academic background? (e.g., more focused on IT or on Hydrology, or something else)
What is your professional background? (e.g., mainly worked in Academics, or consultancy, or decision
making etc.)
What is your background experience with hydrological models in combination with decision making?
What is your role in Vallei & Veluwe? And specifically, concerning the decisions made in case of
possible flood risks of the Grebbedijk?

Scripts development process
5.
6.
7.
8.
9.

How was the request for this modelling study formulated?
What is the purpose of the scripts?
What requirements did you have for the scripts? And what are the most important requirements in
general?
They had to be reusable for other cases, why was that?
What agreements did you make concerning documentation/transparency?

10.
11.
12.
13.

How did you come to HydroLogic?
How did the collaboration with HydroLogic go?
What were your instructions for HydroLogic for this project?
To what extent were you involved in the development process? What were the agreements made on
this?
14. Were there any choices you were involved in when making the scripts?
15. Were you aware/involved in the following six choices made within the scripts? And if you were not,
to what extent do you agree with the choice or would you prefer an alternative?
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Pre-processing
script
Elevation model

1D watercourses
Refinement grid

Component

Were you involved in
the choice?

Do you agree with the
choice?

Buffer around breach = 60 meter
Resampling method = average
Different definitions/ values for
no data
Friction coefficient = 0.035
Refinement factors = [1,1,4]

Documentation & information transfer
16. How where the scripts transferred to you?
17. Which information did you receive with the scripts, apart from the documents I also received? Where
there any other documents or oral explanations?
18. Which guidelines did you receive?
19. Was there any documentation you missed while using the scripts?
20. Did you try running the scripts?
21. Do you normally check certain choices made in a model/script?
22. How could you be facilitated in checking a model/script?
23. What documentation do you consider necessary when receiving a model/script?
24. Do you normally run the scripts/models you receive?
25. Who should be able to use the scripts within the water authority?

Scenarios
26. If the water is high, what is the procedure of communication & measures taken by WVV?
27. What policy options can be formulated?
28. To what extent are stakeholders involved in the decision-making process? Which are these?
For these questions, the scenarios resulting from the sensitivity analysis performed by HydroLogic are shown
to the interviewee.
29. We have done a sensitivity analysis by alternating script components in the pre-processing of data
for the D-Hydro model. This has resulted in different outputs of the D-Hydro model. We will show
you multiple outputs of the D-Hydro model concerning maximum water depths, flow velocity and
arrival times. For each of them, indicate what you would do.
Scenario

How would you
act?

Who
would
you consult?

Who
would
you inform?

What measures
would
you
take?

How
urgent
would
your
actions be?

1
2
3
4
30. Would you act differently for each of the model output scenarios? If so, what would the difference
be?
31. Is there anything more you would like to add, concerning your decision-making in case of these
scenarios?

Uncertainty, models & decision making
32. To what extent do you trust the model & these scripts, and the output they generate?
33. How do you normally cope with uncertainty in decision-making?
34. Which part of the model output has priority in these scripts/model? Or more specifically: which
parameter(s)/location(s) is/are most important and should therefore be most accurately predicted?
35. What is the importance of a model like this, in the decision-making in case of a flood event? On a
scale of 1 to 10?
36. What are other important factors in this decision-making?
37. Are there any other remarks you wish to make?
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Appendix 4: Remaining results of sensitivity analyses performed by
HydroLogic

Water depth
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Figure A5 - Results of the sensitivity analysis in which some coupures in the Slapperdijk were closed (HydroLogic
BV, 2019).
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Figure A6 - Results of the sensitivity analysis in which the depth of the breach was decreased, so less water was
flowing into the study area (HydroLogic BV, 2019).
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Appendix 5: Categorization of model development requirements
Table A1 - Requirements or objectives as identified during the interviews with model developers and model users,
categorized by the seven features that improve model development

Model developer
Simulate reality accurately
(Normally) ability to calibrate
and validate the model
Assess the uncertainty of a
model
Live up to the wishes of the
client
A balance between fastness and
resolution
Stay within the budget
Focus on delivering output and
not on the methods
Efficient internal collaboration
Ability to use their own approach
Flexible features to adjust to
specific circumstances
Let the findings be reproduced
by one another

Quality
Quality
Quality
Quality
Quality &
efficiency
Efficiency
Efficiency
Efficiency &
convenience
Convenience
Flexibility
Reproducibility

Model user
Accurate flood risk information
Area-specific correctness

Quality
Quality

Detailed information at locations of
interest/importance
Good validation and calibration
methods
Having an efficient process

Quality

Having
consistency
between
models
Adaptable to new circumstances

Reproducibility

Reproducible models, including the
ability to re-run it themselves
Receiving a logbook
Ability to run a model independent
of experts/individuals
Interpretability for non-experts

Reproducibility

Easily interpret uncertainty

Accessibility &
quality
Accessibility

Ability to provide information to
other stakeholders
Creating a favourable strategic
position
Using tax money responsibly
Insight in choices related to, e.g.,
schematisation
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Quality
Efficiency

Flexibility

Reproducibility
Accessibility
Accessibility

Transparency
Transparency
Transparency

