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Abstract: Today, over 50% of the global population lives near water. Due to population growth,
ongoing economic development, and extreme weather events, urban areas are growing more
susceptible to flood risks, and the costs of inaction of failing to manage flood risks are high. Research
into the benefits of pluvial flood-risk management is needed to spread awareness and motivate
investments in pluvial flood-risk reduction. So far, such research is lacking. This research therefore
assesses pluvial flood damage from a single 60mm/1-hour rainfall event in the cities of Rotterdam
and Leicester using 3Di flood modelling and the flood damage estimation tool
(waterschadeschatter; WSS). The results demonstrate that potential pluvial flood damages exceed
€10 million in each city. From this research, inhabitants and authorities of Leicester and Rotterdam
can learn that preparing for upcoming pluvial floods can save millions of euros resulting from future
damages. The application of these tools also makes clear that data availability is a highly relevant
bottleneck to the pluvial flood damage assessment process. By addressing data shortages, flood
damage estimates can be strengthened, which improves decision support and enhances the chance
actions are taken in reducing pluvial flood risks.
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1. Introduction

Throughout history, cities have sprouted in proximity to freshwater sources, as water is vital for
drinking, agriculture, transportation and domestic use [1]. However, due to urban expansion and
climate change, cities are growing increasingly prone to floods with serious socio-economic and
environmental consequences. Flooding is the number one most frequently occurring natural disaster,
causing over $20 billion in economic damage and claiming over 3300 lives worldwide in 2017 [2]. In
Europe, annual flood losses are expected to increase five-fold by 2050 and as much as seventeen-fold
by 2080, highlighting the need for cities to build flood resilience [3,4].

There are various types of floods, for example, river, coastal, groundwater, and pluvial floods,
each requiring different techniques to prepare for. Coastal and river floods receive the most attention
as they are generally the largest and longest-lasting flood types, while pluvial floods-caused by heavy
rainfall that urban drainage systems are unable to cope with-are relatively underrepresented in
research [5]. Recent research has suggested that due to the frequent nature of pluvial floods,
cumulative direct damage to property from pluvial floods equals or may even exceed damage from
river and coastal floods [6]. Continued urbanization accompanied by the intensification of rainfall
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patterns due to climate change will likely exacerbate pluvial flood risks, so research is needed into
how to manage pluvial floods to minimize damage to our economy, environment, and society [6,7].

Financial resources for managing pluvial flood risks are limited, so decision-makers need
convincing that investments in flood-risk reduction are worthwhile. The occurrence of a flood
disaster is often used as motivation, for example, the city of Copenhagen initiated the Cloudburst
Management Plan in response to a July 2011 pluvial flood disaster that cost upwards of €800 million
[8]. Such a reactive mindset does little to reduce the cost of the initial flood disaster. The concept of
the cost of inaction (COI), defined as the total cost due to climate change in the absence of adaptation
and mitigation measures, can be used to present the consequences of disasters that have not yet
occurred [9]. By estimating and considering the COI, decision-makers may see that it is costlier to
wait than act now to reduce flood risks.

To understand the COJ, it is necessary to assess the amount of flood damage that occurs in the
absence of any further investments in flood-risk management. Since flooding can cause a wide array
of economic, environmental, and societal impacts, a distinction is often made between
tangible/intangible and direct/indirect flood damage. Direct damage occurs in the flooded area due
to immediate physical contact with floodwater, while indirect damages arise with a time lag or
outside the flooded area [9]. For example, if a flooded business halts production, the physical damage
to the building and contents within is direct damage, while induced losses to supply and demand
suffered later in time outside of the flooded area are indirect. Tangible flood damage is damage to
assets that can be easily monetized with a market price, whereas non-market priced damage (e.g.,
health loss, environmental damage) that cannot be immediately given a monetary value is intangible
[10,11]. Some examples are shown below in Figure 1 [10-13].

= Buildings and * Mortality and
contents injuries
* Vehicles » Environmental
losses

1 Intangible

» Infrastructure » Psychological
disruption trauma

* Business * Loss of trust in
disruption authorities

Figure 1. Distinction between tangible, intangible, direct, and indirect flood damages.

1.1. Direct Damage Assessments

Direct damage to property is considered the dominant type of pluvial flood damage and is the
subject of most pluvial flood damage research [7]. This research also focuses on direct pluvial flood
damage as such physical damage to structures is the most relevant damage type for densely built
urban areas, and there are established assessment methods to draw upon. Potential indirect and
intangible pluvial flood impacts are touched upon later in the discussion section.

The common framework for assessing direct flood damage consists of three steps: simulation of
the flood hazard (hazard analysis), identification of the types of assets exposed to flooding (exposure
analysis), and the translation into monetary flood damage based on the characteristics of the exposed
objects (vulnerability analysis). This framework (illustrated below in Figure 2) has mainly been
applied to assessments of river and coastal flood damages [14-16], but recent studies have used the
same methods to assess pluvial flood damage.
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Figure 2. Standard direct flood damage assessment framework.

1.1.1. Hazard Analysis

The magnitude of direct flood damage is partly determined by the characteristics of the flood,
known as impact parameters. Impact parameters such as flood depth, flood duration, flow velocity,
contamination, and rise rate may determine damage to building structure and contents, but such
detailed information is often not available about the flood hazard. In practice, the flood depth is the
dominant and often only parameter used to represent the flood hazard. This is especially the case for
pluvial floods, which usually do not occur over long durations or at high enough flow velocities to
incorporate these parameters in the hazard analysis. To simulate pluvial floods, coupled 1D/2D
hydrological models, which integrate both 1D sewer flow and 2D surface water flow to solve the
shallow water equations, are used [17-19]. Despite representing the best option for accounting for
realistic drainage processes, these models suffer from data limitations as they require hourly
precipitation data and localized information on flow paths, as well as impediments to flow and
interactions with drainage components [17,20]. Uncertainties in this process include extreme value
statistics used, stationary and homogeneity of data series, consideration of physical properties (e.g.,
dikes and drainage systems) of a location, and calibration and validation of model output etc. [20,21].
As complete data are not always available, GIS-based digital elevation models (DEM) can be used to
approximate pluvial flood flow [17].

1.1.2. Exposure Analysis

Flood exposure could be gauged at the object-level, but there are so many types of assets and
buildings that can be exposed to flooding that assets are usually aggregated into groups based on
land use classification. For city-wide flood damage assessments, land use maps displaying
residential, commercial/industrial, environmental, infrastructural, and other land use/building types
are used to group exposed assets. Average asset and content values for each land use type can be
surmised using aggregated national or regional statistics, real estate data, or expert consultation to
analyze the total value of objects exposed to flooding. However, uncertainty regarding asset types
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and approximate values can be critical in many cases, especially when models developed for a
specific location at a specific time are not validated and transferred across spatial or temporal
boundaries [14]. The exposure analysis for pluvial floods can be carried out in the same way as has
been established for river and coastal floods, as described in Merz et al. [14].

1.1.3. Vulnerability Analysis

A loss model is a central element of flood damage estimation and the most common way of
estimating direct damage amount is the use of depth-damage functions, often called susceptibility
or vulnerability functions [14,15]. Some loss models are multi-parameter models based on several
impact parameters and resistance parameters including building function, type, age, size, presence
of mitigation measures, profiles of inhabitants, etc. Prominent examples of multi-parameter flood
damage assessment techniques within Europe include the UK multi-colored manual, and German
FLEMOps and FLEMOcs models [16,22-25]. These models were developed specifically for fluvial
(river) flood damage assessments, concentrating mainly on damage to residential and commercial
buildings. The same damage functions relating fluvial flood depth to monetary damage should not
be used for pluvial floods, as flooding from rainfall is dictated by different flow properties and the
magnitude of flood damage to building structure and contents is likely different [26]. However, the
central idea of a loss model is also applicable to pluvial flood damage assessments, for example, Zhou
et al. [7] described a framework for economic pluvial flood risk assessment considering future climate
change which quantifies flood risk in monetary terms as expected annual damage in different return
periods of rainfall. Susnik et al. [27] used a threshold method in which pluvial flood depths above
30cm are attributed to a fixed damage amount to assess pluvial flood damages from a heavy rainfall
event in Eindhoven. Efforts have also been made to relate pluvial flood damage to various parameters
based on insurance data or surveys distributed to pluvial flood victims [28-33]. Such research is
important for distinguishing how parameters other than flood depth, such as preparation, prior flood
experience, and presence of mitigation measures, can determine pluvial flood losses. Outcomes of
these studies illustrate how non-structural measures, for example, increasing the flood warning times
or spreading awareness on how to adequately respond to a flood event, can significantly reduce
pluvial flood risks [30-33]. However, the flood damage assessment models to date contain a number
of uncertainties in both the hazard and damage models. The largest sources of uncertainties in
damage modelling are associated with prescribed depth-damage functions [11,13,14]. A reason for
uncertainty in many loss models is the crude assumption of the relationship between damage and
flood depth only. Optimally, other parameters that impact flood damage like building age, presence
of basements, and preparedness to respond to flooding would be included in the damage assessment,
yet data on these factors are often incomplete [28,34]. There is still a need to develop a stronger
understanding of different parameters impacting pluvial flood damage to develop stronger and more
rigorous flood damage assessment methods [9,10,30]. Equally important is for decision-makers to
recognize the simplifications and uncertainties present in flood damage assessment models, so the
results of imperfect damage assessments do not misguide pivotal policy choices in flood-risk
management.

1.2. Objective of This Research

In this paper, the process of estimating the COI of urban pluvial flooding is illustrated through
pluvial flood damage assessments in two selected European cities. Using a combination of a state-of-
the-art flood simulation model and a flood damage estimation tool developed by a consortium of
Dutch water companies, flood damages are estimated for a single rainfall event in the cities of
Rotterdam (NL) and Leicester (UK). The purpose of this research is two-fold: to illustrate potential
flood costs that could arise if these cities fail to prepare for a pluvial flood event, and to shine a light
on the key limitations of the flood damage assessment process so decision makers are better prepared
to translate results into tangible policy action towards reducing pluvial flood risks. If estimates of the
COI are transparent and trustworthy enough, they can be used to convince urban flood-risk
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managers to reduce flood risks proactively rather than responsively, thus saving the cost of the initial
flood disaster [13].

In the next section, the flood damage assessments carried out for neighborhoods in the cities of
Leicester (United Kingdom) and Rotterdam (the Netherlands) are described. In Section 3, the results
of the flood damage assessments for both study areas are presented, followed by a discussion of the
values and limitations of the research in Section 4. This paper finishes with a short summary of the
research and concluding remarks in Section 5.

2. Materials and Methods

A flood damage assessment is conducted for a 60 mm/h rainfall event (constant rainfall) in
Belgrave (Figure 3), a part of Leicester (UK) and Lombardijen (Figure 4), a part of Rotterdam (NL)
using 3Di flood modelling software and the Dutch ‘Waterschadeschatter’ (WSS) flood damage
assessment tool.
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Figure 3. Belgrave location.
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Figure 4. Lombardijen location.

2.1. Study Areas

These areas were both selected for analysis, firstly because they are both low-lying areas that are
identified as flood prone [35-38]. Through consultation with members of the Leicester City Council,
Belgrave was identified as a neighborhood especially at risk to pluvial flooding. Belgrave is also of a
comparable size, population and climate to Lombardijen, so it is included as a point of comparison
for Lombardijen. The Netherlands contains many low-lying, flood-prone areas, but Lombardijen was
chosen in particular because of the availability of a pre-calibrated and validated high-quality 3Di
model for the area. The use of a high-quality 3Di increases the trust in the results of the 3Di modelling
conducted in this research.

2.2. Flood Modelling with 3Di
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The 3Di flood modelling software was developed by a combination of Stelling Hydraulics,
Deltares, TU Delft, and Nelen & Schuurmans. It is a physically-based model designed to simulate the
passage of water through urban areas during flood events. According to Van Dijk [17], the sewer and
surface water systems should be coupled in dual drainage models for realistic flood simulations. The
governing equations of 3Di can be accessed on the 3Di Water Management website
(https://3diwatermanagement.com/3di-start). 3Di flood modeling is used because it represents state-
of-the art hydrodynamic modelling. It uses a sub-grid method for 2D surface water flow, 3Di
provides fast and accurate results [39]. This is one of the best currently available ways to link 2D
surface flow to 1D drainage flow to simulate the process of flooding in urban areas. In the UK, 3Di
software is also regarded as one of the best currently available methods for dual drainage modeling
based on a benchmark developed last year.

For the Lombardijen study area, data accessed were from AHN2 digital elevation map (DEM)
(2008, 25 m?), BAG (building register), TOP10 (topography), OSM (open streetmap), and CBS land
use datasets. A map of the urban drainage network was provided by the municipality of Rotterdam.
For Belgrave, a soil type map was accessed on the Cranfield Soil and Agriculture Institute website
[40], a DEM (2015, 25 m?) was obtained from the UK governmental environmental data online portal
[41], and a land use map was created in a GIS environment based on CDRC Open Map Survey data
(https://data.cdrc.ac.uk/dataset/cdrc-2015-0s-geodata-pack-leicester-e06000016). The parking lots
were manually added based on Open Street Map data. In the figures below, the water depth maps
developed for Belgrave (Figure 5) and Lombardijen (Figure 6) are displayed. It is important to note
that a digital map of the urban drainage system was unavailable for Belgrave because of the
privatization of the water supply industry in the UK and concerns regarding confidentiality.
Therefore, the interactions between surface water flow and the sewer systems are left out of the
Belgrave flood model.

From the figures above, it is visible that the rainfall event causes pooling of water in the fields to
the North of Belgrave and in residential areas in the Center/South (Figure 5). In Lombardijen (Figure
6) the water pooling appears more spread out, but there are still significant flood depths over 0.5m
in the Northwest, and just Southeast of the center. To assess flood damage, the water level map (maps
above show water depth, water level = water depth + elevation) for each study area is combined with
land use information and damage functions in the online WSS damage estimation tool. Below, the
land use maps developed for Belgrave (Figure 7) and Lombardijen (Figure 8) are displayed. It should
be mentioned that due to difficulties accessing land use and building register information in the UK,
the land use classification is less detailed (7 land use classes) in Belgrave than Lombardijen (14

classes).
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Figure 5. Belgrave water depth map.
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Figure 7. Belgrave land use map.
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Figure 8. Lombardijen land use map.

2.3. Damage Assessment with WSS

The WSS is a freely accessible cloud-based flood damage estimation tool. It is owned by the
STOWA consortium of Dutch water companies and was designed to estimate damages from flood
depths up to 2.5 m. The flood damage estimation tool can be accessed at the website:
https://www.waterschadeschatter.nl/damage/. WSS software was used for this damage estimation
because it is a free, entirely web-based tool that does not require heavy computing power which has
been developed to estimate pluvial flood damage in the Netherlands. It is simple enough that the
functions used to estimate damage can be understood and used to calculate flood damage for areas
outside the Netherlands.

Within the Netherlands, the only required input for the WSS is a water level map because land
use and DEM data are already included in the WSS tool. With the water level map, the WSS subtracts
the DEM to calculate water depth in each grid cell. Land use information is then used to identify the
flooded land use classes, and damage functions are applied to relate the flood depth to monetary
direct flood damage values for each land use class. Since the WSS is a tool developed for Dutch flood
damage assessments, the water level and land use raster with a UK projection cannot be processed
by the WSS cloud. Therefore, the damage estimation for Belgrave was conducted using a raster
calculator in Python with the default damage functions used in the WSS tool and Lombardijen case
study.

After uploading a water level map to the WSS website, the user is asked to select the flood
duration (h), recovery time for buildings and roads (h), month of flood event, and whether to use
minimum, average, or maximum damage values. In this research of direct damage from a one- hour
rainfall event of 60 millimeters, the flood duration was set to one hour, recovery times for buildings
and roads were set to zero (direct damage only), the month was set to September, and average
damage values were selected. Below, Tables 1 and 2 display the average damage values for all land
use classes considered in the Belgrave and Lombardijen case studies. Figure 9a,b shows the damage
functions that were applied for the different land use classes.

Table 1. Average damage values for each land use class, Belgrave.

Land Use Type Average Damage (€/m?)
Residential 271
Educational 271

Parks & greens 0.1086

Roads 0.076
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Parking lots 0.076
Urban areas-other 0
Water 0

Table 2. Average damage values for each land use class, Lombardijen.

Land Use Type  Average Damage (€/m?)

Residential 271
Industrial 271
Office 271
Retail 271
Educational 271
Healthcare 271
Meeting 271
Sport 54
Parks & greens 0.1086
Train track 0.076
Roads 0.076
Urban areas—other 0
Cemetery 0
Water 0
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Figure 9. Damage function for residential, educational, industrial, retail, office, healthcare, meeting,
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urban area — other, and sport land use classes (a); Damage function for train tracks, roads, parks and
greens, parking lots, water, and cemetery land use classes (b). On the X-axis, the flood (inundation)
depth is displayed (up to 30 cm) and on the Y-axis, the damage factor, total share of the asset value
that is damaged, (0-1) is shown.

Tables 1 and 2 display the average maximum value that is susceptible to flood damage per m?
of each land use type. Figure 9a,b shows the relative damage curves used to translate water depth to
a share of the average maximum value that can be damaged in each land use class. This results in a
monetary estimate of direct flood damage for each land use type, as presented in the next section.

3. Results
Below, the results of the flood damage assessments for a one-hour 60 mm rainfall event in
Belgrave and Lombardijen are shown.

3.1. Direct Flood Damage in Belgrave

Figure 10 shows that flood damage in Belgrave is concentrated in a couple of hotspots in the
North and South. Comparing this with the water depth map of Belgrave (Figure 5), it is noticeable
that flood damage is not always highest in areas with the greatest flood depths and is highly
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dependent on land use. For example, the field to the North of Belgrave that experiences heavy pooling
in Figure 5 does not show flood damage in Figure 10. On the other hand, the less-flooded residential
area surrounding the field in Figure 5 does show heavy flood damage. Direct flood damage can only
be as high as the value of the asset that is damaged, so it is important that areas identified as flood-
prone on flood hazard maps do not become overdeveloped. As more areas in the Netherlands and
UK are expected to become flood-prone in the future, it is crucial that anticipated future rainfall
patterns be incorporated in present-day decisions regarding development and urban spatial
planning. Below, Table 3 breaks down the flood damage in Belgrave per land use type.
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Figure 10. Belgrave flood damage map (dark red signifies high flood damage).

As shown in Table 3, the total direct damage from the one-hour pluvial flood event is nearly €11
million. Over 98% of total damage comes from the residential sector, which is likely because all
buildings were considered residential except for one school. Other studies show building damage of
60-95% of total direct damage [42], whereas in this research the total share of building damage is over
99%. This could be because other damage types (e.g., infrastructure damage) were neglected and the
average damage values for water and urban areas—other were set to zero. Thus, the >99% of total
damage associated with property damage yielded in this study is likely an overestimation. However,
the total damage estimate of €10.99 million could be an underestimation as flooding of urban areas—
other and water land use classes would realistically cause some monetary damage.

Table 3. Belgrave damage estimate per land use type.

Damage Type Damage (€)
Residential 10,895,788
Educational 87,912

Roads 2833

Parking lot 2717

Parks & greens 473
Water 0
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Urban areas-other 0
Total 10,989,723

3.2. Direct Flood Damage in Lombardijen

Figure 11 displays the distribution of flood damage throughout the Lombardijen neighborhood.
There are several areas of concentrated high damage to the east and southeast of Spinozapark (note
the dark red blotches). Comparing this with the water depth map (Figure 6), it is clear that water
pooling does not always correlate with high flood damage. More important is the land use class of
the area that is flooded. In the case of Lombardijen, the damage hotspots exist in the densely packed
residential/industrial areas where there are more buildings exposed to flooding.
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Figure 11. Lombardijen flood damage map (dark red signifies high flood damage).

As shown in Table 4, residential damage makes up most of the pluvial flood damage, followed
by damage to industrial and meeting function buildings. The total share of building damage (99%) is
on the high end of what is reported in literature [12,42,43]. This is likely because damage to water
utilities, power stations, and other infrastructural components was not part of this assessment,
resulting in an overstatement of the total share of building damage. It is important to also mention
that although direct damages to roads and train tracks were minimal in this simulation, traffic delays
and diversions would be expected to cause high indirect and intangible damages like inconvenience
and lost time. Although the urban drainage system was accounted for in the Lombardijen damage
estimation, the results still show greater flood damages in Lombardijen than Belgrave. This could be
due to the inclusion of a more detailed land use map for Lombardijen (Figure 8). Much of the Belgrave
area was classified as urban area — other, which had a maximum damage value of zero, whereas the
more detailed land use classification for Lombardijen considered comparatively much less area as
urban area - other. Damage estimates are sensitive to the level of detail in the land use classification,
so it is difficult to compare the damage estimates between the two areas due to the difference in the
land use maps used.
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Table 4. Lombardijen damage estimate per land use type.

Damage Type Damage (€)
Residential 7,558,742
Industrial 2,283,720
Meeting 1,224,713
Educational 672,239
Office 487,369
Sport 137,291
Retail 13,025
Roads 645
Train track 220
Parks & greens 135
Healthcare 0
Urban areas-other 0
Total 12,378,099

4. Discussion

4.1. Data Limitations

The two case studies are contrasting since all Lombardijen information was readily accessible,
while the Belgrave damage estimation was hampered by data availability issues. Consequently,
critical elements for the flood damage assessment like a sewer network map displaying locations of
drains, sewers, pipes, and manholes, and average asset values specific for buildings in Belgrave were
not available. Because of this, the damage assessment for Belgrave was conducted with the best
available data to the knowledge of the authors and the damage estimate of €10.9 million should only
be considered a ballpark estimate. It has been noted that even with state-of-the-art 1D/2D
hydrodynamic flood models, there is still a poor understanding of the mechanisms of urban flooding
and high uncertainties in flood depth simulations [13,17-20]. Data on real flood events are needed,
not just to validate the results of flood level maps, but also to better our understanding of the
relationship between flood depth and flood damage among different land use classes and to develop
damage functions tailored to each class.

Due to input data shortages for model validation and damage function development, the
damage estimates presented here have not been tested, thus caution should be taken if the outcomes
are used to inform decisions in urban flood-risk management. It is also important to note that this
damage estimate focuses only on direct damages to physical property, neglecting indirect and
intangible damage to health and the environment that is also likely to occur. By omitting these
damage types, the full spectrum of flood damage is not included in the damage assessment, resulting
in an estimate of direct damage only. It is pivotal to include all damage types in flood damage
assessments to build a complete understanding of flood risks and ensure the benefits of flood-risk
reduction are not underestimated [44]. In fact, some studies comparing the benefits of coastal flood-
risk reduction measures to implementation costs have shown that investments in flood-risk reduction
are only net-beneficial if intangible damages like loss of life are included in the damage assessment
[45,46]. Without the inclusion of the diverse types of potential flood damage, the estimated benefits
of flood-risk reduction are understated, thus the case for implementation is weakened. Even though
pluvial floods are likely to be smaller and cause less significant intangible and indirect damage than
coastal floods, all damage types should still be considered to ensure nothing is left out and the
assessment of flood risk is complete. It could also be unethical to base decisions in flood risk reduction
only on direct damage estimates as it may lead to the prioritization of reducing flood risks in areas
with the most economically valuable building assets, in other words, the richest areas. Although the
WSS attributes constant average damage values to all buildings regardless of building quality, the
use of these damage estimates could result in the prioritization of flood damage mitigation for the
largest buildings, not necessarily the most vulnerable. Recent research has highlighted that the less
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fortunate and socially vulnerable encounter greater flood damage due to information and resource
shortages, yet this is ignored by damage assessments based only on asset damage [47,48]. Although
there may be less chance of heavy intangible or indirect damage compared to river or coastal floods,
pluvial floods can result in casualties, injuries, long-term trauma, and significant environmental
damage [9,49]. As climate change is expected to bring about more frequent and intense pluvial flood
hazards, it is prudent to continue to dedicate research to the assessment of not only direct, but all
types of pluvial flood risks.

4.2. Looking Towards the Future

Despite the simplicity and imperfections of the damage assessments conducted here, the results
are still valuable for raising awareness of the absolute minimum potential flood damage that
communities can expect to face, as well as pinpointing where future research is urgently required.
This can be helpful for inspiring people to start a (very necessary) conversation about what flood
risks we are willing to face, and how to be prepared to reduce flood risks in the future. Many cities
are either sitting atop outdated drainage systems that do not have the capacity for future rainfall
patterns or are developing rapidly without a centralized drainage system in place [50,51]. In any case,
decisions need to be made on how to decrease pluvial flood risks to avoid future disasters. Options
for reducing pluvial flood risks exist, from conventional ‘grey” options like increasing the capacity of
existing sewer systems to ‘green’ and ‘blue’ innovations such as green roofs, sustainable urban
drainage systems, and designated floodwater reservoirs in cities, which serve to delay or divert
rainfall from over-stressed sewers [8,50,51]. Since each approach comes at a cost, it is necessary to
estimate pluvial flood damage in cities to determine whether investments in flood risk reduction are
economically justifiable. Flood damage estimates also provide valuable information for insurance
firms, local businesses, spatial planning authorities, emergency planners, and households.

Data collection and accessibility need to be improved for water depth and damage model
validation, so results of flood damage assessments can be trusted to better represent reality. Flood
depth and flood damage data are collected for a variety of purposes, but methods and standards for
data collection are rarely aligned. This is problematic since consistent and accurate data are needed
to validate the outcomes of both water level and flood damage estimates. Without a consistent and
reliable source of flood data, it becomes more difficult to reinforce and improve flood damage
estimates. It is understandable that drainage network and infrastructure maps are difficult to attain
due to safety, security, and strategic concerns, but there are tangible benefits to increasing
accessibility of this information for dedicated research purposes. Not only would this allow for more
accurate simulation of the flood routing and urban drainage process, but maps of other
infrastructural components like utility stations and power networks can identify further components
at risk to flood exposure. Severe pluvial floods can incapacitate infrastructure networks, and the
interdependencies and knock-on effects should be further investigated [52-54]. Without drainage and
infrastructural network maps in the hands of researchers, it is difficult to trust that the simulated
flood depths or estimated value of assets exposed to flooding match with reality.

The assumption of this research that all building types have the same damage characteristics
and average values can be called into question, for example, industrial buildings often include heavy
machinery and equipment that is more valuable, thus susceptible to greater flood damage than
residential buildings. By associating the same damage functions and average asset values to all
buildings in Lombardijen and Belgrave, the damage estimates of €10.9-12.2 million to buildings in
the two cities merely reflect the fact that they are comparably sized with similar building densities. It
is imperative to dedicate continued research to addressing data deficiencies so the role of flood
damage assessments as decision-support mechanisms is strengthened. Flood damage assessments
are also key for raising awareness of flood risks and closing the gap between perceived and actual
risks [55]. Flood damage assessment therefore plays the important role of increasing awareness of
flood risks prior to disasters so societies can be better prepared to reduce future flood risks. Flood
defense via structural or technical means is regarded as the cornerstone of European flood risk
management, but risks can also be addressed with other paradigms in flood risk management such
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as flood prevention via spatial planning, risk mitigation, preparation, and recovery [55,56]. Research
has shown that non-structural means like installation of early warning systems or adaptation of water
sensitive cities master plans can repay setup costs within a matter of years, especially when cleverly
combined with structural options [46,57]. Key to raising awareness and hastening action flood risk
reduction is for people to understand, as well as believe, the results of flood damage assessments
[44,58]. Thus, it is important to continue to research and dissect existing flood damage assessment
methods to increase our understanding of the methods used as well as the limitations. By studying
urban pluvial flooding, the risks appear more real and awareness can be raised on potential flood
impacts. Raising awareness is a crucial pre-cursor for inspiring action to reduce flood risks and cope
with the challenges of climate change in cities.

5. Conclusion

The significance of expanding knowledge about pluvial flood risks and the costs of inaction
cannot be understated. Climate change is steering society into unchartered territory, and urban
conglomerations only serve to aggregate flood risks. People are becoming increasingly aware of flood
risks after catastrophic events that have plagued society in recent decades. This backward-looking
attitude is not well-suited for a future where we face uncertain conditions yet near-certain
intensifications of flood risk. Instead, it is urgent to act now to reduce risks before disasters occur.
Awareness precludes action, and to raise awareness, flood risks need to be assessed.

This research used a combination of 3Di flood modelling and the WSS flood damage estimation
tool to assess direct flood damage from a 60 mm/1-h pluvial flood event in two urban areas: Belgrave
(Leicester, United Kingdom) and Lombardijen (Rotterdam, the Netherlands). For Belgrave, direct
damage was estimated at roughly €11 million, while for Lombardijen direct damage was €12.4
million. Due to a lack of pluvial flood damage data, identical average asset values and damage
functions were applied for both neighborhoods. Thus, the comparable damage estimates yielded in
this research merely reflect the fact that the areas are of similar size and building densities. This
research could be improved by using locally-tailored asset values, land use maps, and damage
functions to account for differences between building types as well as study areas. Furthermore, the
Belgrave damage assessment was hampered by the failure to include a map of the urban drainage
infrastructure, resulting in an overly-simplified portrayal of the flood propagation. Urgent research
is needed to address data bottlenecks, especially for validating flood depth simulations and
developing damage values and functions for the wide variety of land use classes that exist in modern
cities [59]. With more complete data of past flood events, work can be put into improving pluvial
flood damage assessments that can play a stronger role supporting decisions in flood-risk reduction.
This can be vital for reducing future flood risks, as most studies demonstrate investments in flood-
risk reduction at least break even with implementation costs [46,60].

Pluvial flood damage assessments are essential for supporting arguments for building flood
resilience, raising awareness of flood risks, and determining how flood-risk management could best
be implemented. Ideally, such damage assessments are based on sound data. Decisions should not
be based on damage assessments alone without recognizing input data limitations, which result in
some significant uncertainties underpinning the damage assessment process. A way forward is to
keep studying flood damages and developing solid databases to validate and improve models for
assessing potential future flood damages. Stronger flood damage assessments will be essential for
building the case that the costs of inaction are too great to ignore flood risks any longer. To borrow a
quote from John F. Kennedy, “There are risks and costs to action. But they are far less than the long-
range risks of comfortable inaction”.
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