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Abstract

Flood simulations are important for flood (fatality) risk assessment. This article

provides insight into the sensitivity of flood fatality risks to the model resolu-

tion of flood simulations and to several uncertain parameters in the loss of life

model used. A case study is conducted for river flooding in a polder in the

Netherlands (the Bommelerwaard) where the Dutch approach for loss of life

estimation is applied. Flood models with resolutions of 100, 25, and 5 m are

considered. Results show locally increased mortality rates in higher resolution

simulations nearby structures including road embankments, dikes, and cul-

verts. This causes a larger maximum individual risk value (annual probability

of death for a person due to flooding) which has consequences for safety stan-

dards based on the individual risk criterion. Mortality rate in the breach zone

is also affected by representations of buildings as solid objects versus as rough-

ness elements. Furthermore, changes in the loss of life estimation approach

via alternative ways of including people's behaviour, building characteristics,

and age of the population, have a significant impact on flood fatality risk.

Results from this study can be used to support future risk assessments and

decision making with respect to safety standards.

KEYWORD S

D-Flow Flexible Mesh, flood risk assessment, hydrodynamic modelling, individual risk, loss of

life, model resolution, mortality function

1 | INTRODUCTION

Flood risk maps are used for various purposes such as
visualising risk assessments, developing flood risk man-
agement strategies including spatial planning, and pri-
oritising required measures (De Bruijn & Klijn, 2009). In
some countries, such maps are also used for insurance

purposes (de Moel, van Alphen, & Aerts, 2009). These are
developed based on hydrodynamic models that simulate
the flood characteristics of potential flood events. Hydro-
dynamic models are widely used for this cause, but can
be computationally intensive (Teng et al., 2017).

Since modern software is becoming more advanced,
hydrodynamic modelling can be performed with a higher
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level of detail (Bermúdez & Zischg, 2018; Beven, 2007;
Teng et al., 2017), especially if flexible or unstructured
mesh software are used making it possible to apply finer
model resolutions only in areas of interest and while
avoiding large computation times. Also, more detailed
input data are becoming accessible, such as more detailed
digital elevation models (DEM) and land cover maps, for
example, from remote sensing and satellite-derived data
(Bates, 2012; Mason, Horritt, Hunter, & Bates, 2007;
Papaioannou, Loukas, Vasiliades, & Aronica, 2016; Sav-
age, Pianosi, Bates, Freer, & Wagener, 2016; van der
Sande, de Jong, & de Roo, 2003). Higher-resolution
DEMs and land cover maps provide more accurate esti-
mations of local topography and friction and can be of
use to reduce uncertainty for inundation modelling.

There is increased attention towards the consequences
of floods (De Moel et al., 2009; Kron, 2005) and much
research has been done to identify the uncertainty of input
data of hydrodynamic models on flood inundation map-
ping and resulting damages (Apel et al., 2009; Chen
et al., 2016; Papaioannou et al., 2016; Pappenberger,
Beven, Ratto, & Matgen, 2008; Parodi et al., 2020). The
effect of the model resolution specifically has also been
assessed in literature, for example, by Fewtrell, Bates,
Horritt, and Hunter (2008), Asselman (2009), and Savage,
Bates, Freer, Neal, and Aronica (2016). Especially, urban
(two-dimensional) flood modelling is considered in the lit-
erature as a challenge due to the complexity of the area,
blockage effects, the presence of obstacles and the inter-
play between buildings and surface flow (Hunter
et al., 2008; Mignot, Paquier, & Haider, 2006). For exam-
ple, Yu and Lane (2006) state that the inundation extent
and timing of inundation for urban fluvial flooding are
sensitive to the spatial resolution due to smoothing of the
elevation model and blockage effects resulting in poorer
representativeness of small-scale flows. Asselman (2009)
explains as a guiding principle that a 100 m resolution is
appropriate for relatively flat areas, while in villages the
resolution should be on the order of 10 m or smaller to
prevent blockage effects, depending on the size of the
streets. It is frequently mentioned in the literature that
model resolution in urban areas should be linked to the
dimensions of the buildings (Asselman, 2009; Dottori, di
Baldassarre, & Todini, 2013; Fewtrell et al., 2008; Schu-
bert & Sanders, 2012) and assessing flood (building) dam-
age in urban areas at small scales or even at the individual
object level (micro-scale) has become a trend (Bermúdez &
Zischg, 2018; Ernst et al., 2010; Shen, Qian, Chen, Chi, &
Wang, 2019). The optimal model resolution must be based
on a trade-off between accuracy and computational effort,
the modelling objectives and complexity of the area.

The relation between flood simulation resolution and
resulting flood fatality risk has not been investigated in

the literature. There are studies about the modelling of
loss of life and which factors to include (e.g., Aboelata &
Bowles, 2008; di Mauro, de Bruijn, & Meloni, 2012;
Jonkman, 2007; Lumbroso, Sakamoto, Johnstone, Tagg, &
Lence, 2011; Priest, 2007), but the impact of hydraulic
model resolution on the outcomes is not yet clear. There-
fore, this article focuses on the relation between the
hydraulic model resolution and the resulting mortality
rates and flood risk estimates.

To investigate this relation, we conduct a case study in
the Netherlands for which the Dutch loss of life estimation
approach (Jonkman, 2007; Maaskant, Jonkman, & Kok,
2009) is applied. This approach is based on data from the
last major Dutch flood event, in 1953, when large parts of
the country were flooded unexpectedly due to multiple
breaches in the coastal defences. This 1953 event is called
the “Watersnoodramp” and caused 1,795 direct fatalities
(Jonkman, 2007). Such large-scale flooding has not hap-
pened since in the Netherlands; hence, the Dutch mortality
functions, providing mortality rate as a function of flood
characteristics, are largely based on the 1953 data. However,
many circumstances and factors which influence mortality
rates have changed since 1953, such as socio-economic con-
ditions and building quality. The potential effect of these
changes on flood fatality risks is also analysed in this article.

The Dutch safety standards are based on the criteria
individual risk, societal risk, and economic risk (Jonkman,
Jongejan, & Maaskant, 2011; Slootjes & van der
Most, 2016). Loss of life plays a key role in the first two
criteria and also influences the third criterion in which
fatalities are valued in monetary terms. The individual
risk, the annual probability of someone present at the loca-
tion during the whole year to die due to a flood, must be
lower than 10−5 per year as stated in the Dutch Water Act
and is the decisive criterion for the Bommelerwaard.

This article starts with a description of the case study
area, and the methodology of hydrodynamic modelling
and the loss of life modelling in Section 2. The resulting
flood characteristics and mortality rate (probability of
death for an exposed individual in a specific location)
and loss of life (number of fatalities) outcomes are
analysed for different model resolutions in Section 3.
Additionally, the sensitivity of the outcomes to changes
in the mortality functions is analysed. Section 4 presents
the discussion and Section 5 draws conclusions.

2 | METHODOLOGY

2.1 | Case study area

The Bommelerwaard is a Dutch polder enclosed by three
rivers with a surface area of approximately 11,000 ha and
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a population of around 50,000 inhabitants which are
protected by a dike ring. The area is relatively flat and
slopes slightly downward towards the west. The location
and characteristics of the area are shown in Figure 1. The
Meidijk is located in the western end of the polder. This
is an old embankment which cuts the total dike ring area
into two parts and plays an important role in the flood
pattern. The rivers surrounding the polder are the Waal
in the north and the Meuse in the South. The Waal is the
larger river of the two.

2.2 | Hydrodynamic model

The hydrodynamic model is developed utilising the soft-
ware D-Flow Flexible Mesh of the Delft3D FM Suite,
which allows the user to apply finer resolutions for areas
of interest by linking structured and unstructured
meshes. D-Flow Flexible Mesh (D-Flow FM) has been
widely validated for flood wave simulation (e.g., Hoch
et al., 2017). Model resolutions of 100, 25, and 5 m are
applied here. The 5 m resolution model is evaluated only
for a subset of the domain (Zaltbommel), because the
computation time would be too long if the total dike ring
area would be modelled with this high resolution.

Zaltbommel is the largest municipality in the
Bommelerwaard and is located next to the river Waal
(see Figure 1). The 5 m simulation includes also the area
between the highway and railway on the southern side of
the city.

In the case study, the embankment along the Waal
river is assumed to breach in the northeast of the polder
(see Figure 1). This location is based on the breach sce-
nario of “Veiligheid Nederland in Kaart 2” (VNK2) for
the standard flood wave (“maatgolf” in Dutch) at
Hurwenen (Vergrouwe & Bossenbroek, 2010; Projec-
tbureau VNK2, 2011). This location is the worst-case sce-
nario for this area and a breach there would contribute
most to the overall individual risk. The breach is mod-
elled using an inflow over a horizontal boundary with a
width of 210 m. The inflow, or breach discharge, is
assumed to increase from zero to the maximum of
2,754 m3/s in 1 day and then decreases linearly to zero
again in 7 days. The flood simulations are executed for
12 days, as maximum flood conditions are reached within
this flood simulation time.

The DEM originates from AHN3, 2019 (“Actueel
Hoogtebestand Nederland 3 (Database for elevations in
the Netherlands 3),”) with a 5 m resolution which was
aggregated from 0.5 m data, and excludes vegetation and

FIGURE 1 Overview of the Bommelerwaard area in the Netherlands. Elevations are relative to the Normaal Amsterdams Peil (NAP)

vertical datum, which roughly indicates mean sea level on the Dutch coast
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buildings. The 100 and 25 m elevation models are aggre-
gated from the 5 m model using median grid cell values.
Median values are taken to limit the impact of outliers.
The elevations of embankments and raised roads, which
are crucial for the flood pattern, are based on the maxi-
mum values in each grid cell, and are corrected at under-
passes. In this study, the obstacles are assumed to
withstand water levels until their maximum elevation,
after which overtopping occurs.

The roughness grid is based on the land use classes of
LGN6, 2008 (“Landelijk Grondgebruik Nederland 6 (Data-
base for land use in the Netherlands),”). These land use
classes are available with 25 m resolution and are trans-
lated into White–Colebrook roughness coefficients based
on the conversion table of de Bruijn and Slager (2018), as
shown in Brussee (2020). They are aggregated to 100 m
resolution by grid cell mean values. For the 5 m model,
the urban area is modelled with two different approaches
for building representation:

1. The urban areas (including buildings) have a higher
hydraulic roughness than their rural surroundings, or

2. The buildings are schematized as solid objects with a
higher elevation than the floodwaters.

The first approach assumes that the buildings and their
surroundings (streets, gardens, parked cars, etc.) have a
roughness equal to a White–Colebrook value of 10 m,
while the surrounding rural areas have a roughness of
1 m. In the second approach, buildings are represented as
10 m high blocks located at the footprints of the buildings,
which are based on data of the geodatabase of BAG, 2017
(“Basisregistratie Adressen en Gebouwen (Database for
building characteristics),”), thereby forcing floodwater to
flow around the buildings.

To allow flood water to flow over the embankment
out of the area at the downstream site of the polder,
fixed weirs with spatially varying elevation equal to
local embankment elevation are added to the model.
The location of the southern outflow boundary is indi-
cated in purple in Figure 1. For further details on the
hydrodynamic model, set-up reference is made to
Brussee (2020).

2.3 | Loss of life model

In the Dutch loss of life estimation approach, the number
of fatalities is estimated by multiplying the mortality rate
by the number of people exposed to flooding in the area
at risk:

N =NPAR �FD � 1−FEð Þ

where N is the number of fatalities [persons], NPAR is the
number of people at risk [persons], FD is the mortality
rate [−], and FE is the evacuation fraction [−]. Figure 2
shows an overview, it includes the variables from the
above equation and shows that the number of people at
risk (NPAR) is also reduced in case of shelter.

Mortality rate is the ratio between the number of
fatalities and the number of people exposed and can be
estimated by the mortality functions of Jonkman (2007)
and Maaskant et al. (2009). These functions relate the
flood characteristics water depth, flow velocity, and water
level rise rate to mortality rates. All other factors which
influence mortality rates, such as the exposure character-
istics and social vulnerability, are included implicitly in
the data. The functions of Maaskant et al. (2009) distin-
guish four flood zones as shown in Table 1: a breach zone
with high mortality rate, a zone with rapidly rising water,
a zone with more moderate conditions (remaining zone)
and a transition zone. Table 1 shows the definition of the
zones and Figure 3 shows the mortality functions as a
function of the flood depth.

The Dutch standard Damage & Mortality Module
(SSM2017) (Slager & Wagenaar, 2017) is used to calculate
mortality based on the functions above. D-Flow FM gen-
erates NetCDF files (NC format) that store the multi-
dimensional flow data output. The grids for the flood
characteristics are converted from NC format to TIF for-
mat by Python scripts, and are then imported into
SSM2017. SSM2017 generates the flood fatalities, people
affected, and the mortality rates.

The individual risk, the probability per year of a person
dying in a flood, is calculated for each neighbourhood
defined by Statistics Netherlands (CBS) in 2008. The
Bommelerwaard has 45 neighbourhoods with an average
size of 340 ha; an overview of neighbourhoods is tabulated
in Brussee (2020).

This study considers one flood scenario for simplifica-
tion and therefore, estimates the individual risk per
neighbourhood by multiplying the probability of flooding
by 1 minus the evacuation fraction, times the mortal-
ity rate:

IR nð Þ=Pf � 1−FEð Þ �FD,median nð Þ

where IR(n) is the individual risk in neighbourhood
n [per year], Pf is the probability of flooding [per year],
FE is the evacuation fraction [−], FD,median(n) is the
median mortality rate of the neighbourhood n [−]. The
median mortality rate is used to reduce the influence of
outliers, for example, if accidently a waterway or ditch is
not excluded from the analysis. For dike trajectory 38-1
(the northern Bommelerwaard), the embankments are
designed to withstand a flood with a probability of
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exceedance of 1/1,250 per year and therefore, we assume
here the flood probability to be 1/1,250 per year. The
evacuation fraction applied in the Deltaprogramme to
assess safety standards is 0.56 (Slootjes &
Wagenaar, 2016). The mortality rate maps are corrected
by excluding waterways and cells which are not flooded
because the inclusion of waterways can results in an
overestimation, and dry cells in an underestimation, of
the individual risk.

The sensitivity of the mortality rate to the water
arrival time, building quality, and age of the population
is analysed by the following modifications to the mortal-
ity functions:

• Inclusion of the water arrival time by escape fractions:
In areas where it takes long for the water to arrive,

people may escape from the area, reducing the number
of people present in the endangered area:

N =NPAR �FD � 1−FEð Þ� 1−Fescð Þ

where Fesc is the escape fraction. The escape fraction,
introduced by De Bruijn and Slager (2014), is thus in
addition to the evacuation fraction. An example of escape
fractions for the Bommelerwaard is shown in Table 2.

• Inclusion of improved building characteristics: For the
rapidly rising water zone, a first approximation is
available in which the mortality rate is assumed to be
lower (μN = 1.68 and σN = 0.37) due to the improved
quality of the buildings nowadays compared to 1953,

FIGURE 2 Overview of Dutch loss of life estimation approach, based on Jonkman (2007) and Di Mauro et al. (2012)

TABLE 1 Mortality functions of

Jonkman (2007), adapted by Maaskant

et al. (2009)

Zone Definition of zone Mortality function

Breach zone If h * v≥ 7 m2/s and v≥ 2 m/s FD,B =1

Rapidly rising
water zone

if (h≥ 2.1 m and w≥ 4 m/hr )
and (h * v<7 m2/s or
v<2 m/s)

FD,S hð Þ=ΦN
ln hð Þ−μN

σN

� �

with μN = 1.46 and σN = 0.28

Transition zone if (h≥ 2.1 m and
0.5≤w<4 m/hr) and
(h * v<7 m2/s or v<2 m/s)

FD hð Þ=FD,O + w−0:5ð Þ � FD,S−FD,O

3:5

� �

Remaining zone if (w<0.5 m/hr or (h<2.1 m
and w≥ 0.5 m/hr))
and (h * v<7 m2/s or
v<2 m/s)

FD,O hð Þ=ΦN
ln hð Þ−μN

σN

� �

with μN = 7.60 and σN = 2.75

Note: FD = Mortality rate [−]; FD,B =Mortality rate in the breach zone [−]; FD,S =Mortality rate in the
rapidly rising water zone [−]; FD,O =Mortality rate in the remaining zone [−]; h =Water depth [m];

v =Flow velocity [m/s]; w =Water level rise rate (averaged over the first 1.5 m water depth, counted from
2 cm) [m/hr]; ΦN =Lognormal distribution; μN =Mean value from ln(h); σN = SD of ln(h).
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from which base-case fragility functions were formu-
lated (Asselman, 2005; Jansen et al., 2020;
Jonkman, 2007). This corresponds with an assumed
building distribution of 50–50 for brick cavity walls
and concrete. The transition zone is adapted similarly
(see Figure 3).

• Inclusion of people's vulnerability by correcting for age:
Elderly residents are assumed to be more vulnerable to
large-scale flooding (Brussee, 2020; Jonkman
et al., 2009). More elderly are present in society nowa-
days due to “ageing” compared to 1953: CBS data show
that 10% of the population was aged over 65 in 1953
while in 2019 this was 19%. This observation can be
used to correct the mortality rate for the ageing effect.
The inclusion of age is explored in two ways:
(a) correcting the overall mortality rate and
(b) correcting the mortality rate per neighbourhood.
The details on the inclusion of age are given in
Appendix.

The sensitivity analyses are conducted with the 100 m
resolution model as the base case.

3 | RESULTS

The results of the sensitivity analysis for model resolution
are explained in Section 3.1 and the results for the sensi-
tivity analysis of the mortality determining factors are
described in Section 3.2.

3.1 | Sensitivity to flood model
resolution

3.1.1 | Resulting flood characteristics

The large-scale flood pattern resulting from all three
model resolutions is similar. However, the 25 and 5 m

FIGURE 3 Overview of the Dutch mortality functions, including the functions for the improved building characteristics (assumed

building distribution of 50–50 for brick cavity walls and concrete). The mortality functions for the transition zone in this figure are based on

a water level rise rate of 2.25 m/hr

TABLE 2 Example of escape fractions by the inclusion of water arrival time for the Bommelerwaard, based on De Bruijn and

Slager (2014)

Water arrival time (hr) Escape fraction (%) (1 - escape fraction) (%)
Example of people present after
evacuation and escape (FE = 0.56) (%)

0–4 0 100 44

4–8 15 85 37

8–12 30 70 31

12–16 45 55 24

16–20 60 40 18

20–24 75 25 11

>24 90 10 4
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models lead to crucial differences in flood characteristics
near small waterways, ditches, obstacles and structures.
If obstacles and structures are modelled by including
them in the flood model elevation data (which is com-
mon practice in two-dimensional flood simulation, as
opposed to parameterizing them via the weir or orifice
equations as is common in one-dimensional flood simu-
lation), model resolution has a strong effect on flood
depths, patterns, and rise rates nearby these obstacles.

First, consider the water depths. The Bommelerwaard
is a low-lying area with large potential flood water
depths. At some locations, for example, in Zaltbommel,
the water depths in the 100 m model differ from the out-
puts produced with other model resolutions: depths are
between 4 and 5 m in the 100 m resolution model, while
in the 25 and 5 m models these are around 3–4 m
(Figure 4). The water depth is an important parameter in
the loss of life model and the slightly larger water depths
in the 100 m model at locations with many inhabitants
can result in more conservative loss of life estimates.

Differences in the flood pattern (Figure 5) are visible
around obstacles. The floodwater is flowing from the
breach location towards the west through the city of
Zaltbommel. The highway and railway block the water
flow, but an underpass allows the water to flow through.
Since the underpass is modelled as a grid cell with a
lower elevation than surrounding land, more discharge
flows through the underpass in the 100 m model than in
the 25 and 5 m models, resulting in shorter arrival times
for the 100 m model in Zaltbommel (see Figure 5). Also,
other locations show small differences near obstacles.
Overtopping of obstacles occurs earlier in time in the
25 and 5 m models than in the 100 m model (such as the
parcel southwest of the railway-highway intersection in
the lower part of Figure 5). This results in shorter arrival
times behind the obstacle in the 25 and 5 m models.
Within the 100 m model, variations in obstacle crest ele-
vation will be missed, since the maximum over a 100 m
width is taken. In the 25 m model lower parts of obstacle
crest elevations may be resolved.

The water level rise rate (averaged over the first 1.5 m
water depth, counted from 2 cm) is shown to be locally
different in each model. Overall, the rise rates are rela-
tively low (<0.5 m/hr), but near obstacles, they can
become very high (>0.5 m/hr) as obstacles can retain
water. For example, the area between the highway and
railway (indicated as area C on Figure 6 locater map)
experiences high water level rise rates; Figure 6 shows
that the rise rates here are higher over a larger area for
the finer model resolutions compared to the 100 m
model. Also, waterways (thin line features visible within
areas A and B, and also to the southwest of area C, of
Figure 6) stand out with high rise rates in the 25 and 5 m
models, but people do not live in waterways and they are,
therefore, not relevant.

3.1.2 | Differences between the building
representations

The differences between the two building representations
for the 5 m resolution model are primarily visible in the
maximum flow velocity map, shown in Figure 7. In the
area close to the breach, the flow velocities are very large,
on the order of 4 m/s. The buildings close to the breach
influence the flood pattern in building representation
2 since the water needs to flow around these buildings.
This results in high velocities over a larger extent com-
pared to building representation 1, which uses higher
hydraulic roughness for the urban area including build-
ings. The differences in velocities are only visible in the
area close to the breach until the railway. In the rest of
the flooded area, the velocities are significantly lower and
the impact of the building representation is small.

3.1.3 | Breach zone

In the Dutch loss of life approach, velocity is of relevance
in the breach zone (Table 1), defined as the area with a

FIGURE 4 Results for the maximum water depth for the Zaltbommel area, which is indicated by the black outline
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velocity larger than 2 m/s and a depth-velocity product
larger than 7 m2/s. In the breach zone, the mortality rate
is assumed to be 100% because of the severity of the flood
characteristics in this zone.

Figure 8 shows an overview of the size of the breach
zone for the different model resolutions and the two
building representations for the 5 m model. This figure
indicates that the breach zone has a larger area when a

FIGURE 5 Results for the water arrival time zoomed in on the city centre of Zaltbommel

FIGURE 6 Results for the water level rise rate for the Zaltbommel area (averaged over the first 1.5 m water depth, counted from 2 cm)

FIGURE 7 Results for the maximum flow velocity for the Zaltbommel area
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finer model resolution is applied. The size of the breach
zone area (defined according to the criteria in Table 1) is
60,000; 75,000; and 78,875 m2, respectively, for the
100, 25, and 5 m (building representation 1) models, and
107,450 m2 for the second building representation. This
could be explained by the 100 m model averaging the
peak velocities over a much coarser grid cell than the
25 and 5 m models, resulting in a lower magnitude than
the finer models. Building representation 2 resulted in a
significantly larger breach zone than building representa-
tion 1 due to funnelling of the water by the buildings,
causing greater velocities over a larger spatial extent as a
consequence.

3.1.4 | Mortality rate and loss of life
assessment

The mortality rate maps for the 100 and 25 m models are
shown in Figures 9 and 10 and provide the maximum
mortality rates over the grid cells. The mortality rates are
relatively high, between 1.1 and 1.5% (the green areas on
the map). Overall, the 100 m model gives higher overall
mortality rates due to slightly larger water depths in this
model. Some locations experience increased mortality
rates because of the combination of a large water depth
and high water level rise rate, especially in front of and
between obstacles. The finer model resolutions were

FIGURE 8 Extent of the breach zone per model resolution (and building representation)

FIGURE 9 Mortality rate map for the 100 m model for the Bommelerwaard
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found to have larger rise rates around obstacles and thus
have larger localised mortality rates in specific areas.
Also, local differences exist, such as the waterways being
visible in the 25 m model and not in the 100 m model.

The mortality rate map is independent of the location
of the inhabitants; hence, the maps show the dangerous
locations regardless of the exposure. The mortality rate
map is combined with the number of inhabitants to esti-
mate the number of fatalities. This gives 598 fatalities for
the 100 m model and 531 fatalities for the 25 m model.

Figure 11 shows the mortality rate maps for the area
close to the breach. Overall, the mortality rate is the
highest again in the 100 m model due to the larger water
depths, but locally the finer model resolutions contain
some dangerous spots, such as ditches. The area between
the highway and railway stands out due to the higher

mortality rate in the 25 and 5 m model due to the higher
local water level rise rates. However, not many inhabi-
tants are located in this area and thus the number of
fatalities there is very small. Table 3 summarises the
results and shows that the 100 m model results in the
most fatalities and the highest mortality rate.

Table 3 also summarises the outcomes of the individ-
ual risk assessment. Corresponding to the higher overall
mortality rate, the overall outcomes for the individual
risk values per neighbourhood are higher for the 100 m
model. However, the maximum individual risk value is
critical for the safety standards and this value is higher
for the 25 and 5 m models. The resulting median mortal-
ity rate in the most dangerous neighbourhood is thus
higher for the finer model resolutions and this can be
ascribed to the higher water level rise rates.

FIGURE 10 Mortality rate map for the 25 m model for the Bommelerwaard

FIGURE 11 Mortality rate maps for the Zaltbommel area (the 5 m model result shown here uses building representation 1)
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3.2 | Sensitivity to loss of life model

Table 4 summarises the results of the sensitivity analysis
of the input of the Dutch loss of life estimation approach.
The results vary per case and are discussed below.

3.2.1 | Inclusion of the water arrival
time in escape fractions

Some parts of the Bommelerwaard have relatively long
flood water arrival times (>12 hr). The inclusion of the
water arrival time in the fatality risk assessment by intro-
ducing an escape fraction has a large impact on both the
estimation of the fatalities and the individual risk. The
number of estimated fatalities is reduced by more than
50%. All the neighbourhoods which were not in compli-
ance with the maximum individual risk of 10−5 criterion

in the base case, are after inclusion of escape fraction, in
compliance with the individual risk criterion of <10−5

per year. Moreover, the maximum individual risk is
reduced by 60%.

3.2.2 | Inclusion of improved building
characteristics

The inclusion of improved building characteristics in the
rapidly rising water zone, and hence in the transition
zone, has a limited impact (5%) on the number of fatali-
ties. The impact on the individual risk is more significant,
namely a reduction of the maximum value of 18%. The
difference in impact on these two aspects relates to the
base case, the 100 m model. The number of fatalities in
the rapidly rising water and the transition zones specifi-
cally, is small and, therefore, the impact of this

TABLE 3 Results of the sensitivity analysis of the model resolutions. The Bommelerwaard has 45 neighbourhoods and the Zaltbommel

area has 11 neighbourhoods. The maximum individual risk is the highest value of all individual risk values per neighbourhood

Mortality rate and loss of life assessment Individual risk assessment

Case

Number of
estimated
fatalities Inhabitants

Overall
mortality
rate (%)

Maximum
individual
risk (per year)

Number of neighbourhoods
exceeding individual risk of 10−5

per year

Bommelerwaard

100 m model 598 48,110 1.24 1.36 × 10−5 3

25 m model 531 48,866 1.09 2.49 × 10−5 2

Zaltbommel area

100 m model 151 12,709 1.19 1.18 × 10−5 1

25 m model 137 12,702 1.08 2.29 × 10−5 1

5 m model (building
representation 1)

140 12,702 1.10 2.73 × 10−5 1

TABLE 4 Results of the sensitivity analysis of the input of the Dutch loss of life estimation approach using the 100 m model. The

Bommelerwaard has 45 neighbourhoods. The maximum individual risk is the highest value of all individual risk values per neighbourhood

Mortality rate and loss of life assessment Individual risk assessment

Factor included

Number of
estimated
fatalities Inhabitants

Overall
mortality
rate (%)

Maximum individual
risk (per year)

Number of neighbourhoods
exceeding individual risk of 10−5

per year

Base case 598 48,110 1.24 1.36 × 10−5 3

Escape fractions 208 48,110 0.43 5.40 × 10−6 0

Improved building
characteristics

571 48,110 1.19 1.12 × 10−5 1

Ageing: Overall
mortality rate

707 48,110 1.47 n/a n/a

Ageing: Per
neighbourhood

727 48,110 1.51 1.37 × 10−5 3
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modification on the total number of fatalities is limited.
The individual risk does not depend on the number of
inhabitants, but only on the mortality rate.

3.2.3 | Inclusion of people's vulnerability
by age

The inclusion of age, either by correcting the overall mor-
tality rate or per neighbourhood increase the number of
fatalities by approximately 20%. The individual risk is
influenced less by this factor for ageing: The number of
neighbourhoods that do not comply with the individual
risk criterion is the same as for the base case and also the
maximum individual risk value is not influenced signifi-
cantly. This limited impact is related to the spatial distri-
bution of the elderly: the three most dangerous
neighbourhoods have fractions of people aged over 65 just
above or below 10%. The (median) mortality rate of a
dangerous neighbourhood can increase significantly if it
has a higher concentration of elderly than found in this
case study.

4 | DISCUSSION

This article investigates the relationship between the
hydraulic model resolution and resulting mortality rate
and flood risk estimates. It aims to provide insight into
the sensitivity of the spatial resolution of flood simula-
tions in order to better assess flood fatality risk. Differ-
ences between the models have been found that impact
the flood fatality risk for the case study of the
Bommelerwaard in the Netherlands. The sensitivity of
the mortality rates and fatality numbers to important fac-
tors which have changed since 1953 has also been
evaluated.

In total, this study contributes to the better under-
standing of selecting the model resolution of the hydro-
dynamic model and the combination of flood simulations
with loss of life models. The results of this study can be
used to inform flood modellers, spatial planners, and
emergency managers and to support decision-makers for
flood risk management strategies.

The hydrodynamic model used in this study can be
further optimised, for example, by connecting the river
model to the flood model, improving the accuracy of the
outflow boundaries, or including more aspects, such as
drainage canals, rainfall and noise barriers. The sensitiv-
ity of the results on modelling assumptions such as the
ability of an obstacle to retain water until its maximum
elevation may have influenced the results and should be
considered with care in future studies. Important to note

is that the results obtained for the Bommelerwaard apply
to a flat, low-lying area where structures strongly influ-
ence flow that otherwise tends to run overland and pond
at the lowest elevation. Over steep, mountainous terrain,
different behaviour is expected, because the topography
of the river course is as important as the structures them-
selves (Bricker et al., 2017).

5 | CONCLUSIONS AND
RECOMMENDATIONS

This section presents the conclusions we can draw from
this study and gives recommendations for future research
on hydrodynamic and loss of life modelling, and for flood
risk managers overall.

5.1 | Sensitivity to flood model
resolution

This study shows that, over a large spatial scale, the flood
models of 100, 25, and 5 m resolution provide the same
flood pattern and similar flood characteristics which can
be used for mortality rate estimates, but that important
differences are found at a smaller spatial scale near obsta-
cles such as structures and underpasses, and near water-
ways. More discharge flows through the underpass in the
100 m model compared to the 25 and 5 m models when
the underpass is modelled by elevation. Note that param-
eterizing structures as thin weirs or orifices (as is com-
mon in one-dimensional simulations), instead of as
model topography, in general would overcome this
dependence on model resolution; this is an important fac-
tor to consider when deciding how to set up a flood
model.

In the case study of the Bommelerwaard, the 100 m
model results in the most conservative number of fatali-
ties due to slightly larger water depths at locations with
many inhabitants, such as Zaltbommel. The differences
between the models regarding the number of fatalities
are on the order of 7–11% compared to runs with finer
model resolutions. Hence, the impact of finer model reso-
lutions is limited for this area. This outcome is related to
the exposure: the more significant differences between
model outcomes were mainly found at locations with few
to no inhabitants.

The differences between individual risk outcomes of
the various model resolutions are more significant: the
finer model resolutions have a significantly higher maxi-
mum individual risk value than the 100 m model. Since
the individual risk is the dominant criterion for the safety
standard in this area, this sensitivity may have
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consequences for the safety standards of the dike ring.
The higher resolution models resulted here in higher
water level rise rates and thus in higher individual risks.

Moreover, the usage of different model resolutions
results in different surface areas for the breach zone,
where the assumed mortality rate is 100%. With the appli-
cation of finer model resolutions, high flow velocities are
found over a larger area than in the coarse resolution
model. Especially when the buildings are schematised as
solid objects instead of by locations with a higher hydrau-
lic roughness, the breach zone area increases by 80% com-
pared to the coarse resolution simulation.

This article therefore concludes that model resolution
can impact the resulting flood characteristics, such as the
water level rise rate and flow velocity, and therefore,
influences the calculated mortality rate and individual
risk outcome. For this case study, the more dangerous
locations could also be identified by using the coarse
model. However, in general, careful consideration of
underpasses, tunnels, or culverts through blocking obsta-
cles is required to assess the effect on the areas behind
those structures.

5.2 | Sensitivity to loss of life model

The sensitivity of the mortality rate to modified factors
was also tested. Three factors (water arrival time,
improved building characteristics, and age) were consid-
ered and all three proved to be relevant in the case study
of the Bommelerwaard.

The water arrival time was included in the approach
by means of escape fractions. This study shows that the
reduction of the number of people present in an area at
risk by escape (in addition to evacuation) has a signifi-
cant impact on the mortality rate and loss of life out-
comes. The water arrival time can be long in case of
flooding, especially in large dike ring areas in the Nether-
lands where it can be in the order of days. It is rec-
ommended to do further research on flood event
management in order to estimate and increase the escape
fraction since this study shows that this escape fraction
may reduce the flood fatality risk considerably
(by 60–65%).

This study also explored the effect of including
improved building characteristics in the rapidly rising
water zone and the transition zone. This modification in
the loss of life estimation approach is, therefore, relevant
for areas with large rise rates (> 0.5 m/hr) and suffi-
ciently large water depths (>2.1 m). By including the
improved building strength, the mortality rates in these
zones were reduced, resulting in an 18% lower maximum
individual risk value. However, the effect on the number

of fatalities is limited, since few people are living in these
areas (5% reduction). It is recommended to further inves-
tigate the relation between building quality and mortality
rate (Jansen et al., 2020) to improve the mortality
functions.

Finally, age was included in the approach, because
the age distribution has shifted since 1953 and more
elderly are present in society nowadays. By including age,
an overall (�20%) increase of fatalities is expected since
the elderly (>65 years) are more vulnerable to flooding.
The case study of the Bommelerwaard shows that the
impact on the individual risk depends on the spatial dis-
tribution of the elderly. In this study, the individual risk
was not sensitive to the inclusion of age since the most
dangerous neighbourhoods had a relatively young popu-
lation. The relationship between age(ing) and mortality
rate is recommended to be further looked into as the
number of fatalities is sensitive to this.

5.3 | Overall approach

The outcomes of this study are relevant to flood risk
managers and for the discussion of potential measures to
reduce risks. By better models and visualisation of out-
comes perhaps also other measures besides strengthening
embankments to certain standards may be considered.
For example, in this case study to reduce the danger in
the downstream area with the high rise rate, also the old
embankment (the Meidijk in Figure 1) which blocks
floodwater and causes high rise rates (and which has no
water retaining function anymore under daily circum-
stances) could be partly removed. This study may also
help modellers to decide whether a more detailed model
is really necessary, which as stated before, depends on
the area characteristics and the aim of the modelling
task. For the study described here, a higher resolution
model is not needed for assessment of total number of
fatalities, but it has a strong effect on the maximum indi-
vidual risk values that are crucial for decision making in
the Netherlands.
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APPENDIX

Inclusion of age
Jonkman (2007) compared the fractions of fatalities and
the population for different age categories for the 1953
event. Based on this comparison, approximately 20% of
the fatalities were assumed to be over 65 years of age
while 10% of the population was over 65 years. In 2019,
19% of the population was over 65 years following the
CBS. Based on these assumptions, the overall mortality
rate of the event can be corrected. The Bommelerwaard
has 48,110 inhabitants; hence, in 1953, 4,811 inhabitants
are expected to have been over 65 years, while in 2019,
this is 9,141 inhabitants. The 100 m model forms the base
case of the Bommelerwaard and has 598 fatalities as a
result. When 20% of the fatalities are expected to be over
65, this gives 120 fatalities, thus a mortality rate among
the elderly of 2.5%. This mortality rate is used to find the
expected increase in fatalities when 19% of the popula-
tion is assumed 65+. This results in 229 fatalities and in a
mortality rate of 1.47% for the total event.

In the second approach, age is included per
neighbourhood. If the population of the neighbourhood has
more than 10% people aged over 65 years (the fraction of
the population 65+ in 1953), the mortality rate per grid cell
within that neighbourhood is increased by 0.1% per percent-
age of people 65+. For example, when a neighbourhood
has a percentage of 15% of the population aged over 65, the
mortality rate per grid cell in that neighbourhood is
increased by 0.5%. Mortality rate cannot exceed 100% and
the correction is only applied if the grid cell has a mortality
rate of 1% or larger. The neighbourhoods and population
data of the CBS in 2008 are used.
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