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RESEARCH PAPER

Uncertainty analysis of risk-based flood safety standards in the Netherlands
through a scenario-based approach
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aDepartment of Water Engineering and Management, Faculty of Engineering Technology, University of Twente, Enschede, Netherlands;
bResilience & Maritime Department, Royal HaskoningDHV, Amersfoort, Netherlands

ABSTRACT
Flood risk quantification is a complex process involving a chain of models. The approach contains
many uncertainties which accumulate in the calculated flood risk. Risk-based flood safety
standards are therefore prone to large uncertainty. This study aims to quantify the uncertainty of
risk-based flood safety standards for a Dutch riverine case study. Through a systematic approach
using expert elicitation, the key uncertainty sources in the Dutch safety standard derivation are
identified. Uncertainty magnitudes are quantified for five main sources of uncertainty, after which
these uncertainties are propagated through the model chain in a scenario analysis to derive flood
safety standards. The results show that the Dutch risk-based flood safety standards are highly
uncertain given the relative uncertainty bandwidth of 70%. The flood safety standards are found
to be most sensitive to damage function and evacuation uncertainty. Also, we show that the
impact of uncertainty strongly depends on local characteristics.
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1. Introduction

Flood protection is a key priority for many countries around
the world where high concentrations of economic activity
and residential areas exist in flood-prone areas. As a result,
many countries define flood safety standards for the design
and assessment of their flood defences. These flood safety
standards are increasingly being derived in a risk-based man-
ner. For example, in Europe, the European flood directive pre-
scribes that all EU member states should conform to a risk-
based approach in flood protection (European Parliament,
2007). Nowadays, many countries use a risk-based flood pro-
tection policy. France introduced a risk-based cost–benefit
approach in 2011 (Saint-Geours et al., 2015), Germany already
initiated a risk-based approach in the 1990s (Otto et al., 2018)
and the Netherlands more recently switched to a risk-based
approach in 2017 (ENW, 2017; Jorissen et al., 2016). Australia
is an example of a non-European country following a risk-
based approach in its flood protection and mitigation policy,
with strategic flood protection and mitigation guidelines set-
up by local governments (Dufty et al., 2020). This is for
instance shown by the floodplain development manual, pub-
lished by the New South Wales government and can be
used as guideline for setting up risk-based flood management
plans (NSW Department of Infrastructure, Planning and
Natural Resources, 2005). These examples show that risk-
based flood protection policies are becoming the norm in an
increasing number of countries.

In flood risk policies, flood safety standards are derived to
prescribe the maximum allowed probability of flooding of
flood defences. These safety standards are derived using a
set of models, including flood extent models, dike breach
models and damage quantification models. The uncertainties
in these coupled model systems affect the final safety levels
derived and thereby the desired strength of the flood

defences. This is for instance the case in the Netherlands,
where the primary flood defence system is designed and
tested based on risk-based safety standards (Jorissen et al.,
2016). As a result, the embedded uncertainty in flood risk
estimations affects investments in flood defence improve-
ment projects and spending of public funds on these systems.
Enhanced insight into how different uncertainty sources
influence the standards can therefore provide possibilities
to enhance the calculation process for risk-based flood safety
standards. This could enable an optimization of the spending
of public funds on flood defence systems.

In most flood risk uncertainty studies there has been a
clear focus on uncertainty in economic flood risk (expressed
in monetary terms). However, flood protection and mitiga-
tion policies in multiple countries are not solely based on
economic risk assessments. Preventing loss of human life is
also an important component of such policies. Examples of
risk assessment methodologies based on human loss are
found in the United Kingdom (Defra - Environment Agency,
2006) and in the Netherlands (ENW, 2017). In the Dutch
approach, flood safety standards for the primary flood
defence system are derived based on both an economic
flood risk analysis and an analysis of the risk for loss of
human life (ENW, 2017).

Various studies have investigated flood risk calculations
and tried to identify and quantify the sensitivity and uncer-
tainty of flood risk estimates. Flood risk is typically deter-
mined as the product of the occurrence probabilities of
flood events and the consequences of flooding (Apel et al.,
2004). Flood frequency uncertainty has been described in
many case studies, for instance by considering uncertainty
in design floods in the United Kingdom (Kjeldsen, 2015),
the Netherlands (Diermanse, 2004) and Germany (Thieken
et al., 2015). Uncertainties in factors influencing flood conse-
quences have been studied as well, such as dike stability and
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flood propagation after a dike has breached. These factors
have for instance been included by Domeneghetti et al.
(2013) for a case study of the Po River in Italy and Saint-
Geours et al. (2015) for case studies in France. Uncertainty
in the valuation of intangible flood damage was studied by
Bockarjova et al. (2012) and damage function uncertainty
for flood damage quantification is described by Jongman
et al. (2012). A recent study by Brussee et al. (2021) investi-
gated the influence of uncertainty in model resolution and
the loss of life model on estimates of the risk for loss of
human life. They showed that both uncertainty sources sig-
nificantly impact the risk of loss of human life. Together,
these studies show that many different uncertainty sources
are relevant in the calculation of flood risks.

Several studies have tried to consider both flood prob-
ability and flood consequence uncertainty simultaneously
to capture the uncertainty in the full range of the flood risk
quantification process. In a case study for the Rhine river
in Germany, Apel et al. (2004) investigated amongst others
the uncertainty in extreme river discharge statistics, flood
routing, dike failure and damage estimation. Merz and Thie-
ken (2009) found a German case study that uncertainties
associated with flood frequency determination explain
most of the economic flood risk uncertainty. De Moel et al.
(2012, 2014) considered a Dutch case study and concluded
that the uncertainty of damage functions, the return period
of extreme hydraulic conditions and breach development
are all important factors in the overall uncertainty of flood
risk estimates. Gauderis et al. (2011) performed a nationwide
uncertainty analysis for the Dutch economic risk-based flood
safety standards. They used a Monte-Carlo-based approach
in which 14 uncertainty sources were parameterized and
propagated via an analytical equation to approximate flood
risks. They showed that the relative importance of uncer-
tainty sources varies by study area. The uncertainty in
flood extent, mortality quantification and quantification of
investment costs for flood defence improvements were
found to contribute significantly to the uncertainty of econ-
omic risk-based safety standards.

Flood risk quantification is typically a process based on a
series of complex coupled models. Various studies have
shown that flood risk quantification through these coupled
model systems involves many different uncertainty sources
and is highly sensitive to uncertainty (e.g. Apel et al., 2004;
De Moel et al., 2012, 2014; Gauderis et al., 2011; Merz &
Thieken, 2009). Furthermore, these studies show that the
influence of uncertainty sources on flood risk estimates var-
ies for different case studies.

Flood damage and flood risk uncertainty analysis studies
mostly focus on a limited number of potential uncertainty
sources due to the complexity of flood risk calculations.
The associated uncertainty is often quantified and propa-
gated through the flood risk calculation model chain (e.g.
De Moel et al., 2012, 2014; Merz & Thieken, 2009; Saint-
Geours et al., 2015). A shortcoming of selecting a limited
number of uncertainties is neglecting many other (poten-
tially relevant) uncertainty sources (Warmink et al., 2010).
Also, studies using a Monte-Carlo-based approach (e.g. Gau-
deris et al., 2011; Saint-Geours et al., 2015) face the limitation
of long run and processing times when a series of complex
models is involved. Gauderis et al. (2011) used analytical
approximation equations to avoid long run times associated
with Monte-Carlo-based approaches, to enable considering

uncertainty in the full chain of coupled models in the flood
risk calculation process. Saint-Geours et al. (2015) were
able to use a Monte-Carlo-based approach, as they excluded
the time-consuming hydraulic model simulations due to
their choice for the considered uncertainty sources.

In summary, flood risk quantification and the derivation
of risk-based safety standards require a series of complex
coupled models. Due to this complexity, uncertainty and
sensitivity analysis studies either consider a limited number
of uncertainties, or the model chain is parameterized. Fur-
thermore, it becomes clear that there has been a strong
focus on economic risk in these studies, while the risk for
loss of human life is to various extents also included in the
derivation of flood safety standards in for instance The Neth-
erlands, Belgium, the Czech Republic and the United King-
dom (EUCOLD, 2018).

The objective of this study is to systematically quantify the
uncertainty of risk-based flood safety standards for a case
study in the Netherlands. The full range of uncertainty
sources and types (as described by Warmink et al., 2010)
was considered in our study. Furthermore, this study focuses
both on economic risk and risk for loss of human life, as both
are relevant in the derivation of flood safety standards. The
quantified uncertainty sources were propagated directly
through the models that have been used to derive the
Dutch flood safety standards, thereby using the actual
model chain instead of using analytical approximation
equations. We performed a scenario-based uncertainty
analysis to quantify the impact of individual uncertainty
sources and associated area characteristics on flood safety
standards and prioritize the influence of uncertainty sources.

This paper is organized as follows. Firstly, the case study is
introduced (Section 2). In Section 3, the chain of models used
in the Netherlands for the derivation of flood safety stan-
dards is briefly described. Section 4 elaborates on the meth-
odology followed in this study to identify, quantify and
propagate the sources of uncertainty. In Section 5, the results
are presented with finally the uncertainty of the flood safety
standards for the case study. Section 6 presents the discussion
and in Section 7 the conclusions of the study are drawn.

2. Case study

The case study area is located in the middle of the Dutch
Rhine-Meuse delta and consists of a dike ring encircling an
area between several branches of the River Rhine (Figure 1),
referred to as dike ring 43. The area spans approximately
70 km from east to west and between 3 and 15 km north
to south, which makes it one of the larger Dutch dike
rings. Flood hazards for this area are dominated by high
river discharges of the River Rhine. The area is enclosed by
dikes along three branches of the River Rhine, except for
the western border, where a segmentation levee separates it
from the areas west of dike ring 43. Elevations in the area
range from 1 m above mean sea level in the west to 11 m
above mean sea level at the eastern end. The land use of
dike ring 43 is characterized by a mix of urban and agricul-
tural areas. The area is home to approximately 360,000
inhabitants, spread over several cities and villages, with agri-
cultural lands in between. Additionally, the local river Linge
flows east to west through the interior of dike ring 43 and is
split in two by the Amsterdam-Rhine canal. Both of these
waterways are enclosed by regional dikes, which are not
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part of dike ring 43 and are not included in the safety stan-
dard calculation. These waterways do however affect inunda-
tion patterns in dike ring 43 and are therefore important to
consider.

The approximately 200 km of primary flood defences in
the study area are dominated by river dikes, interspersed
by several major hydraulic structures such as two shipping
lock-systems at the Amsterdam-Rhine canal. Dike ring 43
is under the Dutch Water Act divided into six separate
dike segments (shown in Figure 1), each with a separate
flood safety standard (Slootjes & Wagenaar, 2016). The
Dutch flood safety standards are defined as maximum annual
flood probability, rounded to a 1-3-10 system (e.g. 1/1,000, 1/
3,000, 1/10,000). A 1/1,000 safety standard expresses that the
annual probability of failure anywhere along the considered
dike segment may not exceed 1/1,000. The standards for dike
ring 43 are among the strictest found in the Netherlands with
an annual failure probability of 1/3,000 for segment 43-2 and
1/10,000 for the other five segments (Slootjes & Wagenaar,
2016). Within the Dutch flood protection policy, a flood
defence segment is considered as failed when the load caused
by the water exceeds the strength of the defences. As flood
defences can fail due to multiple different so-called ‘failure
mechanisms’ (e.g. wave overtopping, dike instability etc.),
the total flood probability is calculated based on a combi-
nation of separate failure probabilities in a series of probabil-
listic tests. For an explanation of this procedure, please refer
to (VNK2 Project office, 2012).

3. The Dutch flood safety standard derivation
process

The Dutch flood safety standards are based on the quantifi-
cation of flood risks. The normative standard is defined by
the strictest standard following two risk-based criteria
(Slootjes & Van der Most, 2016):

. The individual risk (IR): this criterion considers the risk
for loss of human life, expressed as the annual probability
for individual residents of flood-prone areas to become a
casualty in a flood event;

. The economic risk (ER): this criterion expresses the
annually expected monetary losses due to flooding, in
which both tangible and intangible value is incorporated.

These two risk criteria have been calculated for each of the
208 Dutch primary dike segments, after which an

accompanying flood safety standard was set which suits the
locally encountered flood risks.

The procedure to derive flood safety standards in the Neth-
erlands based on these two criteria consists of a number of con-
secutive steps, in which various models are involved. The
procedure as used in this study is schematized in Figure 2,
which was also used for the safety standards of dike ring 43
as currently tied in the DutchWater Act. This section provides
an overview of the basic framework and highlights the most
relevant steps in detail, as followed in this study. Additional
background information about the full process can be found
in ENW (2017) and Slootjes and Van der Most (2016). The
procedure was followed in this study to verify the standards
in the Dutch Water Act, to assure a proper reference situation
for the uncertainty analyses of safety standards.

3.1. Flood simulations

The first step in the process consists of a set of flood simu-
lations to determine which inundation conditions (flow vel-
ocities, inundation depths and rise rates) would occur in case
of a dike breach along dike ring 43. These conditions are
quantified using flood simulations made with a Delft-FLS
model, which uses 100 m × 100 m grid cells. Delft-FLS is a
2D numerical model based on a finite difference scheme in
a staggered rectangular grid (Hesselink et al., 2003). We
used the Delft-FLS model for the Dutch river delta, originally
developed by the province of Gelderland and made available
for this study by the Dutch water authority Rivierenland.
Delft-FLS models require surface elevation data and rough-
ness data as input, discharge-time relationships as upstream
boundary condition and discharge-water level relationships
as downstream boundary condition (Hesselink et al., 2003).

The used elevation data is based on laser altimetry data
from the Dutch AHN1-dataset, for which the data was
sampled between 1997 and 2004 (PDOK, Kadaster, 2004).
The roughness data used in this study originates from the
Dutch LGN5 dataset (Hazeu, 2005). River inflow boundary
conditions originate from the Dutch hydraulic boundary
conditions in 2006 (Berger, 2008; Ministerie van Verkeer
en Waterstaat, 2007). We used the two prescribed Rhine dis-
charge scenarios corresponding to exceedance probabilities
of 1/1,250 per year and 1/12,500 per year, to account for
the range of conditions for which a breach could occur.

The model uses predefined breach characteristics
(location, moment of breach initiation, development of
breach width and depth) as input. Breach locations along

Figure 1. Land use map of the case study area, in which the 6 separate dike segments (43-1 to 43-6) are highlighted. The breach locations considered in the flood
simulations are shown as stars.
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each of the dike segments were implemented as defined ear-
lier by the Dutch VNK2 flood risk project (VNK2 Project
office, 2012). For each dike segment, between two and four
different breach locations were considered (Figure 1).
These account for the range of possible breach locations
along each segment, resulting in different inundation pat-
terns. Breach development was simulated based on a sim-
plified version of the Verheij-Van der Knaap breach
growth equation (Verheij, 2003):

B(t) = 1.3
g0.5H10.5

uc
log 1+ 0.04g

uc
t

( )
(1)

where B(t) is the breach width at time t after the breach starts
to grow (m), g is the gravitational acceleration constant
(9.81 m/s2), uc is the critical flow velocity for the erosion of
the dike material (m/s) and H is the time-averaged head
difference over the breach during the breach development
phase (m).

The equation is valid for dikes with sandy and clayey
compositions (for a further explanation see Verheij, 2003).
For the verification run, we used a default breach growth
curve by following the original safety standard derivation,
which results in an approximately 200 m wide breach after
72 h. This curve is based on a time-averaged head difference
H = 2.8 m and erosion parameter Uc= 0.2 m/s, correspond-
ing to a homogeneous sandy dike composition.

With this model, in total 30 flood scenarios were simu-
lated, each being combination of one of the 15 unique breach
locations (shown in Figure 1) and one of the two different
hydraulic boundary conditions. The model calculates flood
characteristics (inundation depths, flow velocities and rise
rates) for each grid cell for each flood scenario. These flood
characteristics are used as input for the flood consequence
quantification.

3.2. Flood consequence quantification

The IR safety standards are derived based on casualty risk,
which is quantified based on mortality functions. We used

mortality functions as defined by Jonkman (2007) and com-
plemented by Maaskant et al. (2009). These functions have
been derived based on empirical analysis of data from his-
torical flood events in the Netherlands, the UK and Japan
in the 1950s (Jonkman, 2007). The functions relate the inun-
dation depths and rise rates to mortality (the probability to
pass away under these conditions). Increased rise rates or
inundation depths result in higher mortality values. Even-
tually, for each flood scenario, the grid-based mortality was
calculated based on the mortality functions and aggregated
over the area to yield the mortality for each flood scenario.
The calculations were made within an Arc-GIS environment
through raster operations for the flood characteristic maps
gathered from the flood simulations.

The ER-safety standards are based on monetary flood
consequences. These consist of both direct and indirect
flood damage to assets and the economy, as well as mone-
tized personal damage. Monetization values for personal
flood damage, such as casualties and injuries, were defined
in earlier studies by Bockarjova et al. (2009; 2012). The direct
and indirect damage to assets and the economy were quan-
tified through the ‘HIS-Damage and Victims Module’
(HIS-SSM) simulation programme, which is a software pack-
age developed to determine flood consequences from GIS-
based inundation characteristics (see Huizinga et al., 2004).
The programme uses damage functions for 11 different
land use and asset categories, as defined by Kok et al.
(2005). These functions define a relation between inundation
depths and the relative value lost due to floods (Wagenaar
et al., 2016). The functions were derived earlier based on a
combination of expert estimates and flood damage data
from two historical floods in the Netherlands in 1945 and
1953 (Wagenaar et al., 2016).

3.3. Flood safety standard derivation

The IR standards are derived for each dike segment. The
derived grid-based mortality for each breach scenario con-
sidered along the breach segment is weighted proportionally

Figure 2. Schematization of the main steps in the flood safety standard derivation process, along with the involved model environments used. The uncertainty
sources incorporated in the uncertainty analysis are shown with the dashed impact lines, directed towards the component in the safety standard derivation meth-
odology which is impacted by these uncertainty sources.
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to its individual probability of occurrence. This probability is
defined by the length of the dike section for which the breach
scenario is representative. The weighing procedure is
described in detail by Slootjes and Van der Most (2016).
The resulting aggregated mortality map therefore represents
the probability to become a flood casualty from any possible
flood along a dike segment. Afterwards, the grid-based mor-
tality values were aggregated to neighbourhoods defined by
the Dutch statistics bureau (CBS & Kadaster, 2019). The
sizes of these neighbourhoods vary between 0.2 and 20
km2. The median grid-based mortality within a neighbour-
hood was set as representative mortality for the entire
neighbourhood.

Evacuation is considered as a reduction factor for the
probability of residents being present within each neighbour-
hood. Therefore, the calculated individual risk values are
corrected for evacuation in the derivation of IR standards.
The IR standards are set for each dike segment based on
the neighbourhood with the highest median mortality
value (Beckers & De Bruijn, 2011):

PIR = IRmax∗c
(1− E)∗M (2)

where PIR is the IR flood safety standard expressed as annual
flood probability (y−1), IRmax (yr

−1) is the legally-tied maxi-
mum allowed individual risk value expressed as annual prob-
ability to become a casualty in a flood event, which is 1*10−5

for the Netherlands (Slootjes & Van der Most, 2016). M [1/
flood event] is the weighted median mortality value in the
normative neighbourhood and E = Evacuation fraction [-]
= 0.56 for dike ring 43, based on expert-judgement described
in Slootjes and Van der Most (2016). Lastly, c is a correction
factor to account for the fact that areas may be prone to inun-
dation from multiple dike segments and consequentially a
higher individual risk. The correction factor assures that
the total individual risk does not surpass the maximum
value. The factor is therefore calculated based on the mor-
tality in the normative neighbourhood originating frommul-
tiple dike segments.

The ER standards are derived based on a cost optimum
between reduced flood consequences and the required
investment costs to achieve this reduction, based on the
existing situation. For each dike segment, the calculated
monetary flood consequences for each flood scenario are
combined, as described by Slootjes and Van der Most
(2016). The derived monetary flood damage is balanced
with the investment cost estimates calculated earlier for the
Dutch flood protection programme following De Grave &
Baarse (2011). Costs and benefits of flood probability
reduction were balanced according to an approximation
equation used by Slootjes and Van der Most (2016), to deter-
mine the economically optimal flood protection level:

PER = 1
19

I
Dw,2050

(3)

where PER stands for the ER-flood safety standard expressed
as annual flood probability (y−1), I stands for the investment
costs for dike improvement (€) and Dw,2050 is the weighted
total damage, projected towards 2050. The weighted total
damage is the result of a balance between the damage from
the individual breach scenarios, based on the length of the
dike sections for which a breach scenario is a representative.

The factor 1/19 originates from the assumed annual 5% dis-
count rate (see De Grave & Baarse, 2011).

4. Uncertainty analysis framework

The uncertainty analysis framework followed in this study is
graphically shown in Figure 3. Firstly, a verification run was
carried out, based on the methodological framework
described in chapter 3. Secondly, we identified the main
uncertainty sources in the safety standard calculation process
via an expert elicitation approach. Thirdly, the uncertainty
for these sources was quantified systematically, by defining
a 50% uncertainty bandwidth for each of these sources
which was translated to three distinct scenarios to represent
the uncertainty (the 25%, 50% and 75% scenario). Finally, the
uncertainty was propagated through the model chain to yield
the safety standard uncertainty. This was done through a
one-at-a-time (OAT) sensitivity analysis first, to identify in
which way the individual uncertainty sources affect the
resulting safety standards. Afterwards, the uncertainty scen-
arios of the considered sources were combined and propa-
gated through the calculation process, to derive the total
safety standard uncertainty and identify which uncertainty
sources contribute most to the total uncertainty. In this
approach, we considered a limited number of scenario and
model runs. The complexity and manually demanding
nature of the Dutch flood safety standard derivation process
make the execution of many simulation runs unfeasible, as
was encountered earlier by Gauderis et al. (2011). The
approach using a limited number of simulations is often
used for such large and extensive models as a screening tech-
nique (Campolongo et al., 2011).

4.1. Verification of the Dutch flood safety standards

The framework used to derive flood safety standards
described in chapter 3 was applied to dike ring 43 to verify
if the calculated safety standards match the current standards
defined for dike ring 43, aimed to verify the model chain. The
ER standards derived for the six dike segments of dike ring
43 were found to correspond closely to the standards derived
by Slootjes and Wagenaar (2016), whose calculations were
the base for the legal standards. Deviations of less than 1%
were found for all dike segments. The IR standards could
however not be accurately reproduced in this study, as
between 6% and 40% stricter standards were found. An
explanation for these differences is most likely found in the
aggregation of the grid-based mortality to neighbourhoods
and the choice for a normative neighbourhood. This can
be explained by the complexity and the sometimes insuffi-
cient detailed documentation of the process. An exact reason
for the deviations could not be found in this study. However,
these deviations do not affect the aim of this study, as long as
the same flood safety standard derivation process is used
for all simulations carried out in the uncertainty analysis
(Table 1).

4.2. Identification of main uncertainty sources

To identify the main sources of uncertainty which affect the
flood safety standards of dike ring 43, a systematic expert eli-
citation approach was followed. Six experts were selected for
the expert elicitation procedure, based on their combined
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acquaintance with the safety standard derivation process, its
application and the interpretation of the derived standards.
These six experts were all involved in either the development
of the flood safety standard derivation process (4 experts) or
the application of the Dutch flood safety standards (2
experts). The experts are employed at governmental organiz-
ations (1 expert), knowledge institutes (2 experts) and private
engineering companies (3 experts). A total of six experts are
considered sufficient to give a reliable estimate of expert
opinions, in accordance with (Van der Sluijs et al., 2004).

The face-to-face interview sessions with these experts
were set-up in a structured way, by providing each expert
with a list of 34 predefined uncertainty sources in the flood
risk quantification and safety standard derivation process.
Warmink et al. (2010) state that it is useful to provide a struc-
tured overview in which all types of uncertainty are incor-
porated, as uncertainty analysis studies often only consider
easily quantifiable uncertainties. The list of predefined uncer-
tainty sources was derived based on reviewing available
documentation of the safety standard calculation process
(amongst others Slootjes and Van der Most (2016); Gauderis
and Kind (2011); Vergouwe et al. (2014) and De Bruijn and
Van der Doef (2011)) and the verification run carried out in
this study. For each of the uncertainty sources, the experts
were asked to express their influence on flood safety stan-
dards by means of a quantitative score on a five-point
scale. In their score, experts were asked to incorporate
both the uncertainty range as well as the expected influence
on the flood safety standards for dike ring 43. After the six
experts defined a score for each of the predefined uncertainty
sources, the expert scores were averaged, to generate a rank-
ing of the uncertainty sources, giving each expert an equal
weight. Some experts did not use the minimum and

maximum scores in the expert elicitation. As the purpose
of the expert elicitation was limited to gathering an uncer-
tainty ranking and not to receive a quantified
uncertainty estimate, the results were rescaled to a five-
point scale. The rescaling did not affect the expert’s relative
judgements. After rescaling, an average score was calculated
for each uncertainty source and the five highest ranked
uncertainties were selected for uncertainty quantification in
this study.

4.3. Uncertainty quantification and propagation
framework

The five uncertainty sources selected from the expert elicita-
tion are shown in Table 2. Two of these five uncertainty
sources influence (predominantly) the IR standards, two
influence the ER standards and one impacts both IR and
ER standards (Table 2). Figure 2 shows schematically
which of the steps in the safety standard calculation process
are directly affected by these uncertainty sources. The mor-
tality functions and evacuation percentages influence the
ER-standard calculation as well, but to a far lesser extent.
The casualty-related monetary damage only accounts for
approximately 10% of the total monetary damage for the
scenarios of dike ring 43 (as observed during the verification
run). Within this study, the uncertainty in these two com-
ponents was therefore only considered for the IR standards.

For each uncertainty source, first, the 50% scenario was
defined based on literature and available data. Both data
analysis and expert opinions showed that some of the
assumptions in the verification run were not realistic. The
verification scenario was therefore adapted to derive the
50% scenario, in case literature insights or available data

Figure 3. Schematic overview of the main research steps in this study and the sequence in which they are carried out, along with the accompanying paragraphs in
which the step is further described.

Table 1. Verification IR and ER standards found in this study compared to the legal standards defined by Slootjes and Wagenaar (2016). Note that these values
have not been aggregated yet into classes, hence do not correspond with the legal standards (those are the rounded values derived from the values by Slootjes
and Wagenaar (2016)).

Dike
segment IR standards ER standards

This study
(y−1):

Legal standards by Slootjes and
Wagenaar (2016) (y−1)

Difference
(%)

This study
(y−1)

Legal standards by Slootjes and
Wagenaar (2016) (y−1)

Difference
(%)

43-1 1/4773 1/4500 6.1% 1/20519 1/20400 0.6%
43-2 1/6543 1/6100 7.3% 1/14375 1/14300 0.5%
43-3 1/8149 1/5900 38.1% 1/28712 1/28500 0.8%
43-4 1/32683 1/25200 29.7% 1/18612 1/18500 0.6%
43-5 1/34290 1/26000 31.9% 1/9643 1/9600 0.4%
43-6 1/18798 1/17700 6.2% 1/6154 1/6100 0.9%
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provided a solid base for the definition of a more realistic
scenario compared to the verification scenario. The results
of the flood safety standard calculations based on this 50%
scenario, therefore, differed from the verification run, but
it enabled a more accurate quantification of the uncertainties
which was the purpose of this study.

Uncertainty sources were quantified through literature
study such that a 50% confidence interval (CI) around the
50% scenario was defined. As upper and lower limits of the
50% CI, two scenarios were defined: a 25% and a 75% scen-
ario. These 25%, 50% and 75% scenarios were used to propa-
gate uncertainty through the safety standard derivation
process to show the influence of uncertainty sources on the
overall uncertainty of the flood safety standards. Through
this systematic approach, the influence of the five uncertainty
sources can be compared in a structured way, as the input
uncertainty ranges correspond to the same confidence
interval.

4.3.1. Breach development
As introduced in paragraph 3, breach development is
included in the flood simulations through the Verheij-Van
der Knaap equation (Verheij, 2003). Breach growth is highly
influenced by the composition of the dike through the vary-
ing cohesive characteristics of dike core material, as was
described in earlier studies (e.g. Zhu, 2006). Dike compo-
sition is included in the Verheij-Van der Knaap equation
via soil parameter Uc, which expresses the erodibility of
dike material. The verification scenario in this study assumed
a fully sandy dike (Uc = 0.2m/s), regardless of dike segment
or breach location.

Breach growth uncertainty was considered for dike seg-
ment 43-6 and was quantified through soil parameter Uc,
by considering dike composition data for dike segment 43-
6 (see Figure 1). Two separate data sources were used for
the uncertainty quantification of dike material: dike designs
originating from the most recent dike reconstruction work in
the area in the 1990s (Waterschap Rivierenland, 2014) and
data from core drill samples of the dike interior at nine
locations spread over dike segment 43-6, available at the
Dutch soil and underground information platform (Dinolo-
ket; TNO, 2019). For both data sources, estimations were
made of the sand/clay ratio of the dike interior. This ratio
was used to quantify the uncertainty of Uc through typical
Uc-values for clayey and sandy material and by translation
of the found sand/clay ratios into average values for Uc. In

accordance with Verheij (2003), a typical critical flow vel-
ocity of 0.2 m/s for sandy dike material and 0.5 m/s for
clayey dike material was assumed. Table 3 shows the mini-
mum, maximum and most commonly found sand/ clay
ratios in the area.

The variability of the found characteristic sand/ clay ratios
was statistically described through a triangular distribution,
based on the absolute minimum, maximum and most com-
monly found ratio for the area. The fitted triangular distri-
bution for Uc was used to define the three uncertainty
scenarios for breach growth by the use of the Verheij-Van
der Knaap equation (Figure 4(A)).

4.3.2. Mortality functions
Flood mortality was quantified in the verification run
through the set of mortality functions defined by Jonkman
(2007) and complemented by Maaskant et al. (2009). The
functions are applicable for different circumstances (inunda-
tion depths, rise rates and flow velocities). We analysed mor-
tality maps from the verification runs, showing that flood
circumstances observed in the normative areas of dike ring
43 for most flood scenarios correspond to a specific range
in which mortality is calculated based on a linear interp-
olation function between functions for high (4 m/h) and
low (0.5 m/h) rise rates. Uncertainty scenarios for this
interpolation function were therefore derived.

Based on an earlier study by Asselman (2005), Jonkman
(2007) showed that the mortality function for high rise
rates, which was defined based on data from the 1950s, can
be corrected for improved building quality since the 1950s.
As many casualties are related to flood-induced building col-
lapse (Jonkman, 2007), improved building quality impacts
flood mortality. The verification scenario for the high rise
rate mortality function was therefore adapted, to derive the
50% scenario, by correcting for improved building quality
based on the correction factor described by Jonkman (2007).

The interpolation mortality function is highly uncertain
(Maaskant et al., 2009). Data for quantification of the mor-
tality function uncertainty is scarce. The concept by Maas-
kant et al. (2009) to interpolate linearly between the high
and low rise rate functions defined by Jonkman (2007) is
intuitively realistic, as it is unlikely that slight changes in
flood circumstances would cause abrupt changes in mortality
rates. The default linear interpolation scenario was therefore
used as a 50% scenario. The 25% and 75% scenarios were
defined at an equal distance from the 50% scenario. As any
interpolation between 0.5 and 4 m/h is theoretically possible,
a symmetrical confidence interval around the 50% scenario
was chosen. The alternative functions both start and end at
the same location, as it is unrealistic that mortality would
change abruptly for slight changes in flood rise rate. The
25%, 50% and 75% scenarios used in this study for the mor-
tality function uncertainty are shown in Figure 4(E).

4.3.3. Evacuation percentages
In the verification run, a uniform 56% preventive evacuation
percentage was included in the individual flood risk calcu-
lations. Preventive evacuation is described as the organiz-
ation and horizontal movement of people from a
potentially exposed area to a safe location outside this area,
that begins before the onset of the disaster (Kolen, 2013).
Many different aspects can be identified which affect the
uncertainty of evacuation percentages, amongst others the

Table 2. Uncertainty sources included in this study, along with an indication
for which of the risk-based criteria the uncertainties are considered.

Uncertainty source: IR standard ER standard

Breach development Yes Yes
Mortality functions Yes No
Evacuation Yes No
Damage functions No Yes
Investment costs for flood defence improvement No Yes

Table 3. Triangular distibution for erodibility parameter Uc based on the
minimum, maximum and most commonly found sand /clay ratios for flood
dike segment 43-6 according to Verheij (2003).

Sand/ clay composition ratio: Average Uc-value (m/s)

0/100 (maximum) 0.50
20/80 (Most common) 0.44
80/20 (minimum) 0.26
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lead time before a flood defence is expected to fail. This key
aspect influences the available evacuation time, impacting
authorities’ decision making and evacuation orders (Kolen,
2013).

To quantify the uncertainty of evacuation percentages due
to available evacuation time uncertainty, a probability distri-
bution of the number of available days for preventive evacua-
tion from Maaskant et al. (2009) was used. This probability
distribution was based on expert estimates specifically for
the upper reaches of the Dutch river network (Slootjes &
Van der Most, 2016), which also includes our study area.
For the three scenarios, the day-based estimates were

translated into a continuous hour-based distribution over
the interval between zero and five days, to enable defining
a 50% CI of the time availability. The assumption was there-
fore made that the day-based probability estimates can be
distributed linearly over the interval between 12 h before
and after the considered day. The time-availability distri-
bution was translated into a preventive evacuation percen-
tage probability distribution through evacuation model-
estimates described by Kolen (2013).

Additionally, earlier research by Mevissen (2010) showed
that the time between onset (dike breach) and individual
exposure to a flood can provide significant additional

Figure 4. Overview of all uncertainty quantification scenarios derived in this study, along with the verification scenario for each uncertainty source. (A) breach
growth, (B) Evacuation, (C) Example of one of the damage functions for landuse type ’low residential buildings’, (D) Investment costs for flood defence improve-
ment, (E) Mortality functions. In case the verification scenario equals the 50% (reference) scenario, no seperate verification scenario is shown (this is the case for the
damage function and investment cost).
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evacuation time on top of the preventive evacuation time.
This additional component is often referred to as acute eva-
cuation time (Kolen, 2013). This aspect was mentioned by
various experts consulted in the expert elicitation in this
study as well. Particularly in dike ring 43, the effect of
acute evacuation could be significant, as the time between
dike failure and individual flood exposure highly varies
throughout the flood zone due to the elongated shape of
the exposed area (Figure 1). Flow velocities are generally
low and the area is characterized by a number of elevated
elements spread across the landscape, such as small dikes
and elevated highways which halt progression of the inunda-
tion front temporarily. These characteristics cause some
areas to become inundated days after the flood onset. As
incorporation of acute evacuation leads to a more realistic
representation of the evacuation process, this aspect was
incorporated in the derivation of uncertainty scenarios for
evacuation in this study. We calculated the location-specific
acute evacuation time available based on flood arrival times
derived from the flood simulations. A similar approach was
followed recently by Brussee et al. (2021) to model evacua-
tion fractions for a dike ring with similar characteristics
and highly variable flood arrival times. The acute evacuation
time was added to the uncertain preventive evacuation time
as a deterministic factor for the 25%, 50% and 75% scenarios.
The total evacuation time (preventive + acute) was then
translated into an evacuation percentage through the time-
evacuation relationship defined by Kolen (2013). With this
approach, location-specific evacuation percentages were
derived, depending on flood arrival time. Figure 4(B)
shows the derived probability distribution for population

evacuated for four different evacuation times, as well as the
verification scenario.

4.3.4. Damage functions
The verification scenario includes 11 damage functions for
different landuse types described by Kok et al. (2005). The
uncertainty associated with these damage functions was
quantified based on an approach introduced by Egorova
et al. (2008). Through this approach, the uncertainty of
damage functions was described through beta distributions.
The shape of the beta distribution depends on the inundation
depth and a factor denoting the magnitude of uncertainty for
the damage caused at the specific depth (this factor is
referred to as ‘k’ in Egorova et al. (2008)). In accordance
with De Moel et al. (2012, 2014) a k-factor of 0.1 was used
in this study to describe the uncertainty around each damage
function. As the study area of De Moel et al. (2012) has simi-
lar geographic and construction characteristics as dike ring
43, the same k-value was assumed representative for the
uncertainty of damage estimates.

For 9 of the 11 damage functions, beta distributions were
derived directly for the damage functions by Kok et al.
(2005), as used in the verification run in this study. For 9
damage functions, the verification scenario and 50% scenario
are therefore the same. For the remaining exposure cat-
egories ‘industry’ and ‘vehicles’, the verification scenario
was corrected for proven errors in the 50% scenario, based
on an earlier study by De Bruijn et al. (2015). The derived
beta distributions were used to define the 25% and 75% scen-
ario damage functions. Figure 4(C) presents an example for
one of the 11 functions.

Table 4. Overview of the ranked uncertainty sources from the expert elicitation process, along with the average scores, standard deviation and number of times a
score was given by the experts.

Uncertainty source
ID Uncertainty source

Average
score

Standard
deviation

Number of
respondents

1 Evacuation percentages 4.0 0.7 4
2 Breach development (width, depth & development time) 4.0 1.1 5
3 Mortality functions 3.9 0.7 5
4 Damage functions 3.9 1.0 5
5 Investment costs flood defence improvements 3.7 1.0 5
6 Neighbourhood-based individual risk redistribution over multiple dike

segments
3.6 1.5 5

7 Neighbourhood-based mortality aggregation 3.5 0.5 2
8 Correction factor for unaccounted damage and risk aversion 3.4 1.2 4
9 Peak discharge representing TL and TL+1D hydraulic conditions 3.3 0.9 6
10 Discount rate 3.3 0.9 4
11 Economic growth scenario 2050 3.2 0.9 6
12 Moment of breach initiation 2.9 0.8 6
13 Operation Lingewerken & Spill flow works at Dalem 2.9 1.1 5
14 Length of the current dike segments 2.8 0.2 3
15 Ratio reference scenarios and extreme flood scenario 2.7 0.5 5
16 Influence of the positive system effect 2.6 1.4 4
17 Hydrograph shape representing TL and TL+1D hydraulic conditions 2.5 0.7 6
18 Influence of the negative system effect 2.5 0.5 2
19 Derivation flood rise rate based on incremental inundation depths 2.5 0.9 5
20 Stability increased surface elevation lines 2.4 0.7 5
21 land use and asset data 2.4 1.4 5
22 Monetization values for casualties and victims 2.3 0.5 5
23 Breach locations for representative flood scenarios 2.3 1.5 6
24 Downstream stage/discharge relation boundary conditions 2.3 0.7 5
25 Correction factor for increased economic value 2000–2011 2.2 1.2 5
26 Maximum damage values 2.1 0.5 5
27 Grid size Delft-FLS 1.5 1.3 5
28 Correction factor for population growth 2000–2011 1.4 0.6 4
29 Roughness values per landuse class 1.4 0.8 6
30 Correctness Delft-FLS simulation itself 1.4 1.0 4
31 Land use data used for roughness estimations 1.2 0.8 6
32 Elevation data 1.2 1.0 6
33 Timesteps Delft-FLS 1.1 1.0 5
34 Population data 0.9 0.9 5
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4.3.5. Flood defence improvement costs
The uncertainty of investment costs for flood defence
improvement was quantified based on uncertainty estimates
in recently made cost estimates for ongoing dike improve-
ment projects within dike ring 43. Data were available for
three dike segments (43-4, 43-5 and 43-6). The investment
costs included in the verification run were used as a 50%
scenario. The uncertainty estimates made for the three
flood defence improvement projects provide coefficients of
variation. These coefficients were used to express a 50% CI,
based on a normal distribution. The 25% and 75% scenarios
for the investment costs per km were set respectively at 6.9
and 5.1 M€/km for segment 43-4, at 9.3 and 6.7 M€/km
for segment 43-5 and 6.7 and 5.4 M€/km for segment 43-6
(see Figure 4(D)).

4.4. Uncertainty propagation

The scenarios for the five uncertainty sources (Figure 4) were
all fully propagated through the flood safety standard deri-
vation process as explained in chapter 3. The uncertainty
analysis was divided into two parts: In the first part, we per-
formed an OAT analysis by propagating the defined scen-
arios individually, to study the influence of individual
uncertainty sources on flood safety standards and identify
area characteristics affecting the influence. In the second
part, we considered the uncertainty sources combined to
find an uncertainty range of the IR and ER standards for
dike segment 43-6 (for this dike segment each of the five
uncertainty sources could be quantified). In a similar
approach as Merz and Thieken (2009), the scenarios for
the uncertainty sources were combined into 54 unique scen-
ario combinations for both the IR standards (27 scenarios)
and the ER standards (27 scenarios), which were all propa-
gated through the safety standard calculation process.

5. Results

5.1. Identification of primary uncertainty sources

The expert elicitation results show that experts mainly con-
sider uncertainty sources impacting flood consequence
quantification as most prominent (Table 4). Out of the top
five uncertainty sources, three influence flood consequences
(ID 1,3 and 4), one influences flood simulations (ID 2) and
one influences the cost-quantification of the economic
cost–benefit analysis (ID 5). Experts argued that these
aspects both contain a high degree of uncertainty while
also significantly influencing flood safety standards. Uncer-
tainty sources which received a relatively low average score
are often related to the quantification of flood probability
through the flood simulations (IDs 2, 9, 12, 13, 15-18, 20,
23, 24, 29, 31, 32), as well as technical uncertainties within
the models such as the used timestep (ID 33) and grid size
of the flood simulation model (ID 27).

The number of respondents for individual uncertainty
sources indicates that hardly any of the consulted experts is
acquainted with all aspects of both the flood risk quantifi-
cation and safety standard derivation process. One expert
explained that the complexity of the calculation process
has resulted in a highly fragmented knowledge over different
experts. Most experts have in-depth knowledge of some
specific components within the process and very few people

oversee all principles and approaches in each step of the pro-
cess. The uncertainty sources ranked highest in the overall
results were considered important by most individual
experts. However, there was no consensus on which source
is most important.

5.2. OAT sensitivity analysis results

5.2.1. Breach development
Figure 5(A) shows the influence of breach development
uncertainty on the resulting IR and ER flood safety standards
for segment 43-6. Firstly, it becomes clear that both IR and
ER standards for all three scenarios are less strict compared
to the verification scenario. This is explained by the signifi-
cantly slower breach development in these scenarios. Conse-
quently, inundation depths, as well as mortality, were
strongly reduced, resulting in less strict ER and IR standards.

Focussing on the 50% CI, we found that both ER and IR
standards are only slightly influenced by breach development
uncertainty (Figure 5(A)). The relative width of the 50% CI is
12% of the 50% scenario for the ER and only 2.6% for the IR
standard. This is mainly explained by the fact that the 50% CI
of the breach growth curve, given by the Verheij-Van der
Knaap equation (Figure 4(A)), is relatively small for the
clayey dike compositions predominantly found along dike
segment 43-6. Erosion resistance of clayey material is high,
and as indicated by the Verheij-Van der Knaap equation,
the relative influence of erodibility for clay-dominated
dikes on the breach growth curve is small, while it is much
larger for sand-dominated dikes. The high erodibility in
the verification scenario is supposed to represent all dikes
along dike ring 43. This assumption results in a significantly
stronger breach growth and consequently a much stricter
flood safety standard. This observation shows that consider-
ing location-specific information on dike composition is
important and can signficantly influence the required flood
safety standards.

A second explanation for the small influence on ER stan-
dards was found from the flood simulation results. It became
clear that maximum flood depths are relatively constant due
to an emergency spill flow structure, which can release flood
water from the inundated area once outside river water levels
have dropped below the level in the flood zone. As a result,
the rise in flood depths is halted once the threshold for
spill flow has been met. Therefore, regardless of breach
development rates and resulting inflow volumes, maximum
flood depths are relatively constant and consequently the
ER standards are only slightly impacted by breach develop-
ment uncertainty. Also, it became clear that inland elevation
patterns such as the presence of regional dikes or elevated
highways (see Figure 1) strongly impact flood characteristics,
especially the rise rates which mainly determine the mor-
tality. This explains why IR standards are not affected by
the scenarios. While mortality was strongly impacted in
the neighbourhood that was normative in the verification
scenario (located close to the breach zone and enclosed by
dikes), this was not the case for the three scenarios con-
sidered in the uncertainty analysis. For these scenarios, the
normative neighbourhood is situated far from the breach
zone and experiencing slow rise rates due to the absence of
elevation differences. The IR standards were therefore not
influenced by breach development uncertainty (Figure 5
(A)). This observation shows the importance of considering
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elevation patterns in detail and carefully select a representa-
tive breach location.

5.2.2. Mortality functions
The impact of mortality function uncertainty on the IR stan-
dards is shown in Figure 5(B). Notable is the large variety of
the 50% CI of the IR standards for the different dike

segments. This variety is mainly explained by the inundation
characteristics observed for the flood scenarios along the
different dike segments. For the breach scenarios along the
northern side of dike ring 43 (43-1, 43-2, 43-3), rise rates
are relatively low in the flood zone. Therefore, mortality
values are derived from the function for low rise rates. As
we defined mortality function uncertainty through the

Figure 5. Influence of scenarios per uncertainty source on the flood safety standards for the individual dike segments. (A) Breach development; (B) Mortality
functions; (C) Evacuation; (D) Damage functions; (E) Flood defence investment costs. Note: A shows the influence for both IR and ER standards, B and C show
the influence on IR standards and D and E show the influence on ER standards.
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interpolation strategy between high and low rise rate func-
tions, the defined scenarios have a small impact on the
flood safety standards along the northern dike segments.
Rise rates for breach scenarios along the southern dike seg-
ments (43-4, 43-5, 43-6) are higher. As a result, the uncer-
tainty in the mortality interpolation strategy has a strong
impact on these segments (Figure 5(B)). Mortality uncer-
tainty is therefore especially important in situations where
floods are characterized by higher rise rates.

5.2.3. Evacuation
Figure 5(C) shows the influence of evacuation uncertainty on
the IR safety standards. Notable is the strong difference
between the verification scenario and the 50% scenario.
The evacuation percentages derived in the three uncertainty
scenarios are significantly higher than the verification scen-
ario (Figure 4). Especially for dike segments where flooding
of the normative neighbourhood occurs a long time after
breach initiation the difference is large (this is the case for
segments 43-1, 43-3 and 43-4). For breach locations along
these dike segments, the available evacuation time in areas
situated far from the breach location is very high due to
the availability of acute evacuation time. Figure 6 shows an
example for dike segment 43-1, in which the time between
onset and exposure exceeds two days for large areas. As
the normative neighbourhood in the verification scenario
is situated in this area (flood exposure after 69 h), the
inclusion of acute evacuation time in the definition of the
uncertainty scenarios results in much higher evacuation per-
centages in this area. Hence, the normative neighbourhood
moves closer to the breach location in the established scen-
arios. This shows the importance of evacuation uncertainty
on flood safety standards.

The size of the 50% CI of IR standards differs over the six
dike segments. The relative size varies between 11% and 64%
of the safety standard resulting from the 50% scenario. This
difference is explained by the interaction between preventive
and acute evacuation time over the flood zone. The impact of
preventive evacuation time uncertainty is very small if the
time between onset and exposure is high, due to the avail-
ability of acute evacuation time. This explains why the influ-
ence of preventive evacuation time uncertainty is relatively
large for segments 43-2 and 43-6, where flood water arrives
almost instantly after breach initiation. Segments 43-1 and
43-4 are recognized by relatively long flood arrival times
explaining the reduced influence of evacuation uncertainty.
These observations show that local characteristics affecting
flood arrival time strongly influence the importance of eva-
cuation uncertainty.

5.2.4. Damage functions
The influence of damage function uncertainty on ER stan-
dards is shown in Figure 5(D). As a result of the difference
between the verification scenario and the 50% scenario,
damage is approximately 20% higher for all dike segments
in the 50% scenario. The 50% CI is approximately 30–40%
of the 50% scenario safety standard. Compared to the
other uncertainty sources, the CI from damage function
uncertainty is relatively large. The CI is relatively constant
over the six dike segments. Small variations between dike
segments are caused by local differences in land use in the
flood zone. Also, the small share of monetized personal
damage in the total damage slightly varies over the dike

segments, providing a second explanation for the observed
small variations in CI over the six dike segments.

5.2.5. Investment costs for dike improvement
The investment costs directly and linearly influence the ER
flood safety standards, as indicated by the ER standard calcu-
lation equation (Equation (3)). The relative width of the 50%
CI of the safety standards is therefore similar to the width of
the 50% CI of the investment costs: between 22% and 33%.
Opposite to the other four uncertainty sources, the 75% scen-
ario results in stricter safety standards, as reduced invest-
ment costs yield stricter optimal flood safety standards
from a cost–benefit perspective.

Out of the three segments for which the CI was quantified,
the uncertainty in flood defence investment costs results in
the largest relative safety standard CI for dike segment 43-
5. The explanation for the varying relative uncertainty over
the three dike segments is found in varying investment
cost uncertainty over these segments. This is amongst others
caused by different improvement strategies demanded by
local characteristics, with associated varying investment
cost uncertainty. At one location more straightforward sol-
utions are viable, with lower associated uncertainty, while
for another dike segment, the uncertainty is higher as more
complicated solutions are required. In comparison to the
CI for damage function uncertainty, the influence of invest-
ment cost uncertainty on the ER standards is smaller.

5.3. Uncertainty analysis results

The IR and ER standards derived after propagation of the 54
unique scenario combinations for dike segment 43–6 are
given in Figure 7. For the IR standards, we find a relative
spread of approximately 70% between the strictest and
least strict standard relative to the combination scenario in
which the 50% scenarios for the uncertainty sources are
incorporated. Compared to the spread found in the OAT
analysis for dike segment 43–6 (breach development 2.6%,
mortality 50% and evacuation 64%), this combined scen-
ario-spread is relatively small. This is explained by the inter-
action between the three uncertainty sources. As shown in
Figure 7, mortality uncertainty does not affect the IR stan-
dards for most combined scenarios. Given the breach devel-
opment and evacuation scenario, the three mortality
function scenarios for most combinations result in the
same flood safety standard. The three breach development
scenarios each result in relatively low rise rates in the norma-
tive neighbourhoods, as a result of which the uncertainty of
the mortality functions for rise rates > 0.5 m/h does not
influence the standards. The results, therefore, indicate that
influence of mortality uncertainty depends on breach growth
(induced rise rates). The evacuation uncertainty most
strongly affects the IR standards.

For the ER standards, the relative spread of the uncer-
tainty is approximately 66% of the combined scenario in
which the 50% scenarios for the uncertainty sources are
incorporated. Opposed to the IR standards, all studied
uncertainty sources impact the standards and act largely
independently. The spread is larger than the spreads found
in the OAT analysis (breach development 12%, damage func-
tions 28% and investment costs 22%). As the uncertainty
sources act independently, their influence adds up resulting
in a larger spread. The damage functions most strongly
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influence the ER standards, while the flood defence invest-
ment cost uncertainty is of slightly smaller influence.

Based on the uncertainty analysis in this study, we find
that the risk-based flood safety standards contain an error
margin of approximately 70% around the 50% scenario for
individual risk-based standards and 67% for the economic
risk-based standards.

6. Discussion

When we compare the results from this study to previous
studies on ER standards, we find partially matching results.
Gauderis et al. (2011) showed for ER standards that inunda-
tion pattern uncertainty (affected by breach development)
and investment cost uncertainty are the prime uncertainties
for ER standards in dike ring 43, while damage function
uncertainty was considered to be of small influence. We
came to the same observation as Gauderis et al. (2011)
regarding the investment cost uncertainty. However, the
results of this study suggest that damage function uncer-
tainty influences the ER standards significantly as well,
which was also found by De Moel et al. (2012, 2014). Breach
development uncertainty was found to be of limited influ-
ence, opposed to the findings of Gauderis et al. (2011) and
De Moel et al. (2014). It must however be noted that Gau-
deris et al. (2011) considered dike ring 43 in total, instead
of only dike segment 43-6. For other dike segments of dike
ring 43, the uncertainty could have a stronger influence,
due to the presence of the emergency spill flow works men-
tioned in paragraph 5.2. This aspect shows that the impor-
tance of individual uncertainty sources is susceptible to
local characteristics. Studies by Apel et al. (2004), Merz
and Thieken (2009), Gauderis et al. (2011), and De Moel
et al. (2012, 2014) focused on different areas and also showed
that the relative importance of uncertainty sources on econ-
omic flood risk and related flood safety standards varies over
different areas, which is an important finding from this study
as well.

Flood risk calculations such as used in the Dutch flood
safety standard derivations contain a large number of uncer-
tainties. The fact that the expert-based uncertainty source
ranking derived in this study is rather gradual, suggests
that more uncertainty sources could be of less but still signifi-
cant influence. In this study, we only quantified the five lar-
gest sources of uncertainty, while many more sources of

uncertainty were investigated (Table 4). These five sources
are expected to provide a decent estimate of the total uncer-
tainty bandwidth, despite the fact that many additional
uncertainty sources have not been incorporated in the
quantification. Gauderis et al. (2011) showed that depending
on the study area, after the four to six most influential uncer-
tainty sources, the contribution of remaining uncertainty
sources is limited. Whether this is the case for IR standards
as well is difficult to say due to the strong variety of uncer-
tainty influence depending on spatial characteristics. There-
fore, for the IR standards the results of this study could be
further supported by investigating whether some of the less
important uncertainty sources could still be of significant
influence and in which specific situations. Furthermore,
there might be additional yet unknown uncertainty sources
relevant for flood risk quantification. During the expert elici-
tation, experts were asked whether they missed any uncer-
tainty sources in the predefined list of uncertainty sources.
To their knowledge, the experts believed that the provided
list gave a full representation of known relevant uncertainty
sources.

This study has shown that flood safety standards are sub-
ject to considerable uncertainty which is dominated by local
characteristics of the area under consideration. Locally vary-
ing dike material (e.g. a sand or clay dike core) strongly
affects the breach development, which in turn has a large
effect on the flood safety standards. Also, the size of the
flooded area and surface elevation differences affect the eva-
cuation fraction and mortality. Dike ring 43 is a relatively
large dike ring, under a river-dominated flood threat. The
influence of evacuation uncertainty, which showed up as
dominant for the IR standard uncertainty, will be signifi-
cantly lower for smaller or more inclined areas under flood
threat, as the flood arrival time will diminish, which
decreases the importance of acute evacuation in the overall
evacuation percentage of an area. The influence of breach
development uncertainty and mortality uncertainty on indi-
vidual flood risk was shown to be strongly related to the pres-
ence of elevated lines in the landscape, due to their influence
on rise rates and resulting mortality. Large and flat lands
where flood propagation is slow and rise rates are low will
be less vulnerable to uncertainty in the derivation of flood
safety standards. In floodplains where elevated features dom-
inate flood propagation patterns, the uncertainty in the flood
risk calculation methodology will be more prominent.

Figure 6. Flood arrival times after breach initiation, for safety standard segment 43–1 (highlighted in purple, breach locations are indicated as black stars). The
neighbourhoods are shown by the light gray lines. The flood arrival times in the IR-normative neighbourhoods for the verification scenario (brown box) and the
50% confidence interval evacuation scenarios (green boxes) are shown as well. (dark green = 25% scenario, middle green = 50% scenario, light green = 75%
scenario).
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Including these location characteristics in the flood safety
standard derivation process instead of using more general
values can significantly impact flood safety standards and
allows for a better match between flood threats and conse-
quences, thereby making costly dike improvements poten-
tially unnecessary and enabling an improved distribution
of funds on flood defence systems.

The results of this case study can be partially translated to
flood risk uncertainty in different areas. First of all, the
characteristics of the Dutch safety standard calculation pro-
cess imply that IR standards will always be more susceptible
to uncertainty than ER standards. The IR standards are
derived based on the flood characteristics in a small part of
the inundation zone (a specific normative neighbourhood)
where the most extreme conditions occur. Uncertainties
strongest affect these areas, hence the IR standards are
impacted as well. Therefore, IR standards are highly sensitive
to uncertainties in the model chain. ER standards, on the
other hand, are derived based on properties of the entire
inundation zone, which is why compensating effects moder-
ate the uncertainty influence on ER standards, especially if
flood zones are large such as for dike ring 43. ER standards
are therefore less sensitive to uncertainties. Although IR
standards are generally more prone to uncertainty of the
individual uncertainty sources, interdependence between
the uncertainty sources relevant for the IR standards was
shown to limit the influence of mortality uncertainty.

The findings of this study can be less directly translated to
seaside case studies because hinterland characteristics, flood
hazards and some components of the safety standard deri-
vation process itself differ. Therefore, we recommend further
study on the uncertainty of the flood safety standards in
other areas, with different origins of flood threats, flood
defences and hinterland characteristics. This can provide
more insight into which characteristics determine the influ-
ence of uncertainty sources.

The considered case study focussed on risk-based flood
safety standards in the Netherlands, as set-up for the primary
flood defence system. The Dutch primary flood defene sys-
tem protects flood plains from fluvial and storm surge-
induced flooding. Pluvial flood protection policies for these
flood plains in the Netherlands are not as standardized and

risk-based as for fluvial- and storm surge-induced flood pro-
tection, due to the often local character and less extreme
flood characteristics. We, therefore, did not consider pluvial
flooding in this study. For other situations, pluvial flood pro-
tection can be relevant as well. For pluvial risk-based flood
protection standards, different variables and uncertainties
are likely relevant, due to the different hydraulic character-
istics of pluvial flooding.

This study has also given insight into how dike design
choices or adaptations to the hinterland could potentially
influence the flood consequences and optimal safety stan-
dards. The implications of dike design choices for flood con-
sequences (and safety standards) are currently not taken into
account in dike design. The insights from this study therefore
support decision making for certain dike design alternatives
(apply a sand or clay core for example). The discussed impact
of detailed elevation patterns on flood risk indicates that it is
also important to consider the influence of future spatial
developments in flood zones on elevation patterns; e.g. the
construction of an elevated railway line or removal of histori-
cal levees. Especially, IR standards can be affected signifi-
cantly by these developments.

7. Conclusions

The objective of this study was to systematically quantify the
uncertainty of risk-based flood safety standards for a case
study in the Netherlands. In this paper, we have shown a
method to identify and quantify the uncertainty in the
flood safety standard derivation process for both economic
and individual flood risks. This was done by propagating
scenarios through a chain of complex models, consisting of
a hydrodynamic inundation model, flood consequence
quantification models, including people affected and associ-
ated evacuation estimation, as well as an economic optimiz-
ation model. We conclude the following:

. The results showed that there is a considerable uncer-
tainty bandwidth for both individual risk (IR) flood safety
standards and economic risk (ER) flood safety standards.
We found an uncertainty bandwidth of 70% and 67% of
the 50% scenario, respectively.

Figure 7. Uncertainty analysis results for IR standards (left) and ER standards (right) for dike segment 43-6: Each unique scenario combination is represented. Unit
of the results is the annual flood probability in (y−1). The colouring eases the interpretation of the figure. The colour shifts from green to red for stricter safety
standards.
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. For the IR standards, uncertainty in evacuation percen-
tages was found to be most important.

. For the ER standards, uncertainty in damage functions,
investment cost estimates and breach development scen-
ario were all shown to affect the safety standards, of
which the damage function uncertainty came out as
most important.

. The influence of uncertainty sources on IR standards
strongly depends on local characteristics. Amongst others,
elevation differences of the hinterland, the location of
areas with high mortality and erosion resistance of the
dike were shown to affect the importance of the breach
development, evacuation and mortality uncertainty.

. ER standards are less sensitive to specific characteristics of
the hinterland than IR standards.
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