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Flood Risk Assessment

Accurate flood risk assessment is necessary to detect the most endangered zones in
an area of interest. Hence, accurate flood risk assessment provides a foundation for
effective flood risk management.

However, flood risk assessment is quite challenging. To start with, there is no generally
accepted definition of flood risk. According to some definitions, flood risk is equivalent
to the probability of flooding. Other definitions include, in addition to flood probability,
taking flood consequences into account. Regardless of the definition, assessment of
flood probability and (especially) quantification of consequences are complex tasks
accompanied by considerable uncertainties.

Definition of flood risk

There are various definitions of the term flood risk. In Japan, for example, flood risk is
related to the probability of flooding of certain area inferred from the flow forecasts [1].
According to some definitions accepted in the U.K., flood risk is related to the probability
of flooding and four flood risk levels are recognised [2]. These four levels include the
following: high, medium, low and very low risk, with probability of flooding from a river
or the sea greater than 3.3%, between 1% and 3.3%, between 0.1% and 1%, and less than
0.1%, respectively [2]. Flood risk assessed in such manner is communicated to the public
via online accessible maps [2]. Some insurance companies in Germany follow the ZURS
system for flood risk assessment [3]. According to this system, high, medium and low
flood risk levels are recognised. An area is categorised as high, medium and low flood risk
if affected by floods of 10-year return period or below, by floods of 10- through 50-year
return period, and floods of 50-year or greater return period, respectively (see Figure 1).
Flood risk can also be considered with respect to associated health risks, i.e. the potential
to threaten people’s health and lives [4].
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Figure 1. Flood risk classification in Germany according to the ZURS system [3]
Note: The probability of exceedance is given dimensionless and denoted with p

Flood risk assessment should not be related to the probability of flood occurrence only
since potential consequences of floods are neglected this way. Hence, flood risk is defined
as “a combination of the probability and the potential consequences of flooding from
all sources — including from rivers and the sea, directly from rainfall on the ground
surface and rising groundwater, overwhelmed sewers and drainage systems, and from
reservoirs, canals and lakes and other artificial sources” [5]. The probability of flooding
is referred to as hazard, while flood risk represents the combination of the probability
of hazardous event (flood) and its consequences. In other words, flood risk corresponds
to the probability of damages due to a flood event [6]. Flood consequences depend on
vulnerability and exposure [7]. The former represents susceptibility to flood impacts,
while the latter generally signifies the presence of people and assets in flood-prone
areas [8]. Exposure can be mitigated to certain extend by implementing flood protection
measures. Figure 1 shows the three components of flood risk: flood hazard, vulnerability
and exposure (the latter two comprise flood consequences).

For the purpose of flood risk assessment, flood consequences are commonly repre-
sented by damages/losses quantified in monetary terms [3]. Such an approach to flood
risk assessment is adopted and applied in many European countries (e.g. Germany, the
Netherlands), and it is the basis of this course.
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Figure 2. Components of flood risk [8]
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To illustrate the outlined definition of flood risk, two hypothetical areas are considered:
a flood prone area A, which is covered by forest and flooded on average once in two
years, and area B, which is heavily populated with an industrial zone and heritage
buildings. Area B is protected by dykes designed according to flow of 100-year return
period. Regardless of being frequently flooded, damages in area A are negligible, whereas
flood damages in area B would be enormous with potential casualties and impact to the
historical/cultural heritage. According to the definition above, flood risk in area A can
be considered low, and high in area B because of potential far-reaching and devastating
consequences. However, flood hazard is considerable in area A, which is frequently
flooded, and minor in area B (because of the dykes and low probability of flooding).
To assess flood risk, both flood probability and consequences represented by monetary
value, have to be combined, as shown in Figure 3. The combination of these terms results
in the expected annual damages (EAD) in the considered area. Imposing threshold values
of the EAD, various flood risk levels are defined and assigned to distinct zones within
the area of interest (e.g. high, medium and low). Flood risk can be fairly represented by
flood risk maps, which are straightforward and can be easily understood by the public.
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Figure 3. Methodology for flood risk assessment (compiled by the author)
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Consequences of floods

Floods are by far the most frequent and disastrous events (see Figure 4). Flood conse-
quences generally depend on the number of people in an area affected by the flood and
asset values [6]. Floods make negative impacts on buildings, including public buildings,
such as hospitals and heritage buildings, then industry, traffic, crops and livestock, and,
most importantly, human health and lives. Some consequences are arisen immediately
and are caused by a direct contact to the flooding water, while others are accompanying
(e.g. costs of traffic disruptions). Some flood consequences can be easily quantified in
terms of money, such as damages to buildings or infrastructure, while others are rather
difficult to represent in monetary terms (e.g. casualties).
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Figure 4. Frequency of natural disasters [30]

Hence, flood damages are generally categorised as follows [9]:

Direct and indirect: direct damages refer to the harmful effects due to contacts with
flooding water. Indirect, secondary damages are not caused by flooding water itself, but
by accompanying effects, such as loss of production because of flooding or costs due
to traffic disruptions and power cuts. A thorough review of methods for assessment of
indirect damages can be found in the literature [10].

Tangible and intangible damages generally can/cannot be easily quantified in terms
of money, respectively. For example, the intangible damages include casualties, harmful
health effects, damages to historical and cultural heritage, negative impacts on the envi-
ronment. There are various methods intended to quantify intangible damages (for review
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see e.g. [9]), but these are generally not considered in flood risk assessment studies and,
thus, they are beyond the scope of this course.

An overview of flood damages is given in Table 1.

Table 1. Classification of flood damages with examples (adopted from [9])

Tangible Intangible

Physical damages to assets:

Buildings (structural damages)

Infrastructure (e.g. roads, railways, etc.)
Direct Belongings and inventory

Vehicles

Losses of livestock

Losses of crops

Loss of lives

Negative health effects

Harmful effects on the environment

Damaging effects to historical and cultural heritage

Loss in production (e.g. industrial, agricultural)
Loss of incomes
Costs of traffic disruption
Indirect Loss of value added
Evacuation and emergency costs
Costs of post-flood clean-up
Damages due to consequent landslides

Difficulties with post-flood recovery
Increased vulnerability of survivors

To illustrate this classification of flood damages, a family dwelling is considered: direct
damages refer to the building structure, furniture and assets, while indirect damages
include e.g. clean-up and rehousing [11]. Figure 5 shows some of the consequences of
the severe flood event in the Kolubara catchment in Western Serbia in May 2014. During
this flood event, twenty-four casualties were reported. Many cities in this catchment
suffered enormous damages to the buildings and infrastructure, including bridges and
roads (direct, tangible damages). The agriculture of the area also suffered great damages
(indirect, tangible). The thermal plant “Nikola Tesla” and local open pits of the coal mine
that supplies the thermal plat were also flooded (direct, tangible damages), which resulted
in the reduced supply of electric currency (indirect damages). Subsequent landslides
caused additional (indirect) damages [12].

In addition to the asset values and number of people in a considered area, flood
consequences also depend of flood characteristics, such as flood extent, water depth and
velocity, flood duration, rate of the rise of water level, debris flow and waves [3] [8]. Dam-
ages also depend on the time of flood occurrence: for example, damages to agriculture,
i.e. losses in crop production are the greatest due to floods during harvesting seasons
[9]. Since flooding water is usually heavily polluted, damages also include far-reaching
chemical and biological impacts on health and environment [11].

The larger flood extent, i.e. the greater area affected, the greater is the number of
affected people and assets. Also, deeper water causes greater damages. For example,
rather shallow water can be prevented from entering a building (e.g. by putting up shields),
while deeper water reaches higher floors of buildings, augmenting damages manifold.
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Figure 5. Devastating flood in the Kolubara catchment (Serbia) in May 2014: the city of Obrenovac [34]
and losses in crop production ([35], top panels), power plant “Nikola Tesla” [36] and open pits of the

“Tamnava” coal mine ([37], bottom panels)

These two flood characteristics are identified as the most important for flood damage
assessment, i.e. a significant part of total flood damages can be explained by the flooding
extent and water depth [9]. High water velocities can put people in danger, and can wash
away moveable assets (e.g. vehicles), develop and enhance erosion. Table 2 shows impacts
of different combinations of water depth and velocity on people. A combined impact of
water depth and velocity is also illustrated in Figure 6. Longer flood duration implies
longer exposure to water, which augments damages. For example, building fabric is
particularly sensitive to long exposure to water [9]. Impact of flood duration on damages
is shown in Figure 7. High rate of water level rise means shorter warning lead times,
which further leads to higher damages [10].

This statement is supported by the figures in Table 3, which clearly indicate that
increase in warning lead time can considerably mitigate flood damages. Longer warning
lead times are necessary as they enable evacuation of more people and allow people to

140



Flood Risk Assessment

relocate/elevate their moveable belongings. High debris load can enhance mechanical
impacts of flowing water, and, thus, deteriorate flood damages to buildings and infra-
structure. Furthermore, debris deposits have to be cleaned-up after the event, increasing
indirect damages. Most importantly, debris are one of the major causes of injuries and
casualties due to floods [9]. Waves make mechanical impact on the building fabric, and
also can cause injuries and jeopardise human lives. Strong wave impacts are generally
associated to coastal floodings [9]. Various flood impacts on health and environment
are elaborated by the U.S. EPA [13]. Some common consequences to health include
diarrheal diseases and wound infections. Frequent animal and insect bites accompany
floods, considering that animals are also being displaced. Health can also be threatened
by exposure to various chemicals and pollutants, such as fuels, pesticides, paints, cleaning
supplies, silica from construction materials, hazardous chemicals from the industry, etc.
Figure 9 shows major impacts of polluted flooding water on health.

Table 2. Risk to human lives assessed from water depth and velocity [4]

<0.75 Shallow flood water or deep standing water. Caution is needed. = Low

0.75 < 1.5 Deep water or high velocity. Dangerous to vulnerable groups. Moderate
Deep water or high velocity. Fatalities are mainly due to .
1.5<25 . High
exposure to the flooding water. Dangerous to most people.
255170 Extreme danger frorn' deep, fast flowing water. Fatalities due to Extreme
exposure to the flooding water. Dangerous for all.
~70 Extreme danger from deep, fast flowing water and risk of Extreme

building collapse. Dangerous for all.

Excessive
velocity

Damage to light structures possible from here

Velocity (V m/sec)

1.0
Depth of flood at site (D metres) Excessive

Figure 6. Combined impact of water depth and velocity [11]
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Figure 7. Impact of flood duration on damages [9]

Table 3. Impact of flood warning lead times on damages on residential properties [9]

Flood warning lead times

Depth of flooding (m) Up to 2 hours 2—4 hours 6 hours 8 hours
Damages avoided (% of the total damage)

1.2 25.3 35.7 38.7 40.7

0.9 26.4 37.6 40.6 42.6

0.6 25.5 37.2 40.2 42.2

0.3 30.0 42.1 45.1 47.1

0.1 24.5 32.8 35.8 37.8

Figure 8. Impact of debris load during floods [31] [32]

Outline of the course

This course explains a methodology for flood risk assessment by combining flood hazard
and flood consequences, assessed in monetary terms.
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The following section explains in detail the assessment of both components: namely,
how to obtain inundation maps due to flood event of a given probability, and corres-
ponding direct, tangible damages, quantified in terms of monetary loss. Assessment
of indirect and/or intangible damages is beyond the scope of this course. Damages are
obtained from assessed asset values and water depth only. Based on flood probabilities
and corresponding damages, computation of expected annual damages that combine
these terms, is thoroughly elaborated. Finally, identification of different flood risk levels
based on the expected annual damages is described.

Information on flood risk can be effectively visualised and communicated to the
public and decision-makers by flood risk maps. The final section concisely explains how
to obtain flood risk maps by employing GIS tools.

For the sake of clarity, a glossary explaining the key terms is provided at the end of
this course material.
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Figure 9. Health risks due to polluted flooding water [33]
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Methodology for flood risk assessment

As explained in the previous sections, flood risk assessment comprises estimation of
flood hazard and the consequent damages. Flood hazard (potential harm) is related to the
probability of flooding: for example, great flood hazard implies flood prone areas. Section
Probability of flood — Hazard explains how to obtain inundation maps for a flood event
of a given probability of exceedance/return period. Assessment of monetary equivalent
of direct, tangible flood damages is elaborated in section Flood damages, as well as how
to combine flood probability with its consequent damages, resulting in expected annual
damages (EAD, subsection Expected Annual Damage [EAD]). Identification of flood
risk level from the assessed EAD is explained in section Flood risk assessment.

Probability of flood — Hazard

Flood hazard indicates the probability of flooding of a considered area. Methodology
for flood probability assessment, which is the first part of the flood risk assessment
methodology, includes the following steps (Figure 10):

Estimation of the flow rate or the entire hydrograph for the given flood probability
or return period (e.g. 100 years).

Flow or hydrograph routing through a river network by using a hydraulic model.

Use of the hydraulic simulation results for inundation maps, which show flooding
extent and hydraulic variables (e.g. water depth) within the flooded area.

Create inundation maps for various characteristic probabilities/return periods.

Innundation maps
for various flood
probabilities

Flood flows Flow Inundation
or hydrographs routing maps

Figure 10. Inundation maps for the purpose of flood risk assessment (compiled by the author)

Flood probability

There are two approaches to flood flow estimation: namely, the statistical approach
and the deterministic one (see Figure 11). The former is based on the application of
statistical methods and requires observed flow series, whereas the latter approach relies
on rainfall-runoff models and design rainfall [14].
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Figure 11. Approaches to flood estimation (adopted from [14])

Flows of a given probability/return period are commonly obtained by applying the
Flood Frequency Analysis (FFA [15]) or Peak over Threshold method (PoT [16]). Flood
frequency analysis is based on the series of annual flow maxima, and it is aimed to
obtain the fittest model (i.e. theoretical distribution) to the empirical distribution of the
observed annual maxima. However, application of this method requires that the flows are
independent and identically distributed. These requirements are examined by applying
statistical tests prior to the FFA. Steps of the FFA are outlined in Table 4. The PoT method
comprises of probabilistic modelling of: 1. Flood occurrence, i.e. expected number of
events exceeding the set threshold per year; and 2. Flood magnitude (i.e. peak flow rate).
Discrete distributions are used to estimate the probability of flood occurrence, while flow
magnitude is described with a continuous probability distribution. Unlike FFA, the PoT
method is based on the flood exceeding a given threshold, meaning that several floods
in one year can be taken into analysis, whereas maximum flows from some other years
that do not exceed the threshold are discarded. For simplicity, the threshold is usually set
to provide statistically independent flows. The mathematical model of the PoT method is
more complex than the FFA, but, considering that the largest observed flows are taken
into account regardless of the year of their occurrence, PoT is expected to yield more
reliable quantile estimates than FFA. Additionally, there are quite complex PoT model
versions that do not require independent data [16].

Application of statistical methods requires long-term and reliable flow observations.
For example, for a reliable flood frequency analysis at least 25 years of flow observations
are required [15]. Also, an empirical rule states that the Gumbel distribution can be
applied for reliable flow quantile estimation for return periods of twice the length of the
observed period or shorter [17]. If only a short data is available at a considered stream
gauge, a regional flood frequency analysis can be applied. Specifically, annual maxima
from several gauges within the same region are normalised (e.g. with respect to the mean
flow at the gauge), and concatenated into single, long series, followed by the FFA. In this
way, dimensionless flow quantiles are obtained. The quantiles at a gauge are calculated by
multiplying the dimensionless quantiles with the mean flow at that particular gauge [14].
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Table 4. Flood frequency analysis: an outline (compiled by the author)

Step Procedure

0 Obtain annual maxima series from the available flow record.

1 Calculation of the sample statistics: mean value, standard deviation, skewness, etc.

2 Test for homogeneity and independence. The former is tested with e.g. z-test, Student, Man-Whitney or
Mann-Kendall tests, and the latter with e.g. Bartlett test.

3 Calculation of empirical distribution by using e.g. Weibull probability plots.

Distribution fitting, i.e. calculation of parameters of probability distributions:
(log-)normal, Gumbel, (log-)Pearson 111, Generalised Extreme Value (GEV), etc.

4 . S .
Various methods can be used for parameter estimation: method of moments, L-moments, weighted
L-moments, maximum likelihood method.

5 Goodness-of-fit tests: Kolmogorov-Smirnov, Anderson-Darling, etc. Selection of the most suitable
probability distribution.

6 Compute flow quantiles, i.e. flows of different probabilities/return periods by using the selected

probability distribution.

z, Z=X-x3

X,

Zs

Figure 12. Peak over Threshold method: x,— threshold, X — flows, Z — peaks over threshold [16]

Table 5. Peak over Threshold method: most frequently used models [16]

Number of occurrences distribution

Peak height distribution

Exponential Weibull Generalised Pareto
Poisson P+E P+W P+GP
Binomial B+E B+W B+ GP
Negative binomial NB+E NB +W NB + GP

Rainfall-runoff models enable flow simulations from input meteorological data (precip-
itation, temperature, potential evapotranspiration) and data on the considered catchment
(e.g. area, hypsometric curve, land use types).

Rainfall-runoff (hydrologic) models simulate flows at a catchment outlet for given
rainfall data and initial conditions in the catchment. Presently, there are numerous
rainfall-runoff models that vary in complexity, spatial discretisation and data demands.
Hydrologic models are generally classified as event-based or continuous. The former
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simulate catchment response to a single rain event (i.e. they simulate single flood hydro-
graph at a catchment outlet). The latter are used for long-term, continuous simulations
that include periods during and in-between rainfall events [18].

For the purpose of flood frequency estimation, event-based models are usually applied.
Runoff simulations with event-based models include: 1. Calculation of runoff volume; and
2. Runoff routing to the catchment outlet. Runoft volume (i.e. rainfall-runoff partitioning)
is usually calculated by applying the SCS CN method [19], while runoff routing models
include the rational method and various models based on the unit hydrograph (UH)
theory [20]. The rational method is the simplest event-based model, and its application
is limited to small, urbanised catchments [20]. Some of the commonly used UHs are
Clark or Snyder [21]. These models consist of equations that comprise parameters, which
have to be adjusted to provide the best possible fit to the observed flows, i.e. the models
have to be calibrated before their application. The calibration is performed to achieve
the best possible fit between simulated and observed hydrographs in terms of: peak
flow magnitude and timing, runoff volume, rinsing limb slope and timing and recession
limb. For model calibration, models are forced with the observed meteorological series.
The event-based models can also be used for ungauged catchments that lack long-term,
reliable flow observation necessary for model calibration. Synthetic unit hydrograph
(SUH) models are employed for this purpose [22]. The SUH models are derived from
topographic data on the catchment. One of the most frequently used is the dimensionless
SCS SUH [21].

To obtain flows of a given return period, UH and SUH models are forced with design
rainfall, derived from depth—duration—frequency curves and assumed hydrograph shape,
i.e. change in rainfall intensity throughout the design event. Since uniform rainfall inten-
sities result in lower peak flows, it is recommended to force the models with time-varying
rainfall for the purpose of flood flow modelling. Such design rain event can be obtained
by using e.g. the Chicago method. An underlying assumption in this approach to flood
flow estimation is that the return period of the simulated peak flow is equal to the return
period of design rainfall used for the model run.

Continuous hydrologic models can also be used for estimation of flood flows. This
approach includes two steps: 1. Calibration (and evaluation) of a continuous model; and
2. Application of Flood Frequency Analysis over the series of simulated annual maxima
[14]. The application of this approach can be justified by the fact that meteorological
record series are usually considerably longer than flow observation. Hence, forcing the
model with (longer) meteorological input series can provide longer flow series, which
are expected to increase reliability of the flow quantiles. However, this approach to flood
estimation is rarely applied, primarily because common calibration of continuous models
leads to poorly simulated flow peaks (mainly their underestimation) [23].

Floods of a given probability/return period at an ungauged river cross-section can
be estimated by applying the principle of hydrologic similarity [17]. The flood of return
period T is calculated as follows:
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o)\
where Q*(T) represents the flow of a given return period T at the point of the river with
drainage area A*, while A is the area of the ungauged catchment. The recommended
value of the parameter a is 1/3, although its value can be adjusted to fit available data [17].
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Figure 13. The Snyder UH (top panel) and the SCS SUH (bottom panel) [38]

Flood routing and inundation maps

Hydraulic simulations, i.e. flood routing enables the computation of flow rate and other
hydraulic variables at any point of the river network and at any time, given the input
flood rate or hydrograph, network geometry, initial and boundary conditions [20]. Water
levels across the river network and in the inundation/flooded area of primary interest to
flood risk assessment.
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Flood routing can be steady or unsteady: the former implies routing of constant flow
rate in time, while the latter denotes routing of an entire flood hydrograph (i.e. time-
variable flow). Unsteady routing results in higher water level than steady flow routing
[24], thus it is preferred for flood risk assessment.

There are parsimonious flood routing methods, such as the linear reservoir equation
or the Muskingum method. However, accurate flood routing requires distributed routing
models, which are based on the partial differential equations describing mass, momentum
and energy conservation laws [20]. Some of the distributed flow routing models are
e.g. kinematic, diffusion or dynamic wave models. To apply the distributed models,
the geometry of the river network has to be specified, as well as initial and boundary
conditions. Additionally, the partial differential equations embedded in these models
can seldom be solved analytically. Specifically, analytical solutions are possible if strong
assumptions on geometry are made and some terms in the equations omitted. Therefore,
various numerical methods are applied for flood routing. Routing of flash flood poses
a great challenge for numerical modelling due to sudden change in water depth that
cannot be captured by commonly applied methods [20].

The routing models also vary according to flow direction that they can simulate.
One-dimensional models are frequently used, while application of 2D models, which
provide detailed description of flow, is constrained by considerable computational time
[9]. Computational requirements are even higher for three-dimensional models, which
are mostly applied to simulate complex flow in junctions and their immediate vicinity.

One of the most frequently used software for flood routing is HEC-RAS by the US
Army Corps of Engineers [25]. This software is user-friendly (see Figure 14) and can
be freely downloaded from the US Army Corps of Engineers HEC webpage (HEC).

Based on the simulated water level, inundation maps can be obtained. As shown in
the bottom panel of Figure 14, inundation maps indicate flood extent, i.c. flooded areas,
and show water depth within the flooded area. An example of inundation map is shown in
the bottom panel of Figure 14. For the purpose of flood risk assessment, inundation maps
are required for various probabilities/return periods (see subsection Expected Annual
Damage [EAD]). Besides water depth, other hydraulic variables, such as water velocity,
pressure force, shear stress can be shown as well.

Inundation maps are usually obtained by importing water levels into a GIS environ-
ment. For example, hydraulic simulation results obtained with HEC-RAS can be easily
imported by applying the HEC-GeoR AS plug in. The version for ArcMap can be readily
obtained from the HEC webpage. A similar tool is available as a plug-in for QGIS.

The application of hydraulic models for flood routing is a subject of the specialised
course of this postgraduate programme, which explains hydraulic modelling in detail.

149



Andrijana Todorovi¢

Geometric Data - Existing =10/ x|

File Edit Options View Tables Tools GIS Tools Help

Storage [ $.A. | Pump RS e ] = :
Area | Conn. | Station Description : I il [3 Plot WS extents for Profile: | (none) ¥
& .;J~ & i |

Tools [ River
Editors\_ | Re2eh

=3

Junct.
[

Cross
Section

d

A

325637 .56, 174430280 |

Lo (AN
“r I

R ORI O0 O

— 7]0esth (020AN1900 0511

=V Map Layers

[V Bery Sateilite >
&V Terraes

M Teran
« - ] »

Figure 14. Hydraulic simulations with HEC-RAS: cross-sections in the HEC-RAS window (top panel, [39])
and inundation map (bottom panel, [40])
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Flood damages

For the purpose of flood risk assessment, flood consequences are quantified in monetary
terms [3]. This methodology for flood risk assessment recognises only direct, tangible
damage (e.g. damages to buildings or infrastructure), whereas indirect and/or intangible
damages are not considered here (see section Consequences of floods). Additionally, only
water depth is considered, whereas other hydraulic variables, such as water velocity or
flood duration, are neglected.

Estimation of flood damages includes the following (Figure 15):

— identification of land use types in the area of interest

— assess specific asset values for each LUT

— obtain depth—damage curves (DDC) for each LUT

Compute damage (in monetary terms) by combining water depth due to flood event of
a given return period, degree of damage given the water depth, and information of asset
value.

Land use types Specific Asset Depth-damage Loss due to flood
Value (€/m?) curves of a given probability

Figure 15. Assessment of direct, tangible damages due to a flood event of a given probability (compiled
by the author)

Identification of land use types

For assessment of direct, tangible damages, land use types (LUTs) in a considered area
have to be identified. Depending on the area and scope of the flood risk assessment study,
i.e. required accuracy and spatial resolution, the number of identified LUTs varies from
a few to several hundreds. For example, high spatial resolution and micro-scale studies
imply a large number of LUTs. Categorisation of LUTs in the considered area should
result in 1. Minimum variance within one LUT category; 2. Maximum variance among
different LUTs. Additionally, LUT categorisation should be constrained by available
depth—damage curves and data on asset values [9]. For example, setting an abundant
number of residential LUTs with only one available DDC or with data on property values
does not increases accuracy of the damage assessment. Generally, buildings within
a residential area are all different: for example, they differ according to the number of
storeys, presence of cellar, elevation of the ground flood, etc. Additionally, different
buildings are differently furnished in terms of luxury, implying large variations in asset
values. Bearing in mind these differences, several residential categories may be defined,
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depending on the scope of the study. Categorisation of LUT in the Rhine basin is shown
in Figure 16.

Information on LUTs in the considered area can be obtained from primary and second-
ary data sources. The primary data sources are essentially field surveys. The secondary
source includes LUT databases, cadastral maps or real estate market data, all of which
provide aggregated data on LUTs [9]. Field surveys do provide most accurate information
on LUT, however, they can be carried out only for small areas, i.e. for the purpose of
micro-scale studies. Concerning secondary sources, there are some geo-databases with
information on LUTs for each country. For example, LUT data can be obtained from
ATKIS-DLM in Germany, or the GeoSrbija portal for Serbia. The Corine Land Cover
[10] database that covers the entire Danube basin can be accessed via the link https:/
land.copernicus.eu/pan-european/corine-land-cover/clc-2012?tab=mapview.
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Figure 16. Rhine Atlas [26]
Asset value estimation

There are two approaches to asset value assessment: namely, assessment of value at
purchase price and at the actual price [3]. The former concept does not take deprecia-
tion into account, and, basically provides full replacement value. As such, it provides
overestimated asset values and, hence, should be avoided [9]. Additionally, even severe
flood events do not necessarily cause total damage of buildings, particularly in case of
reinforced concrete structures. The latter approach, which takes depreciation into account
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and provides realistic estimates of asset values, is preferred. Only one approach can be
used for a flood risk assessment study: the combination of both approaches is strongly
discouraged [9].

Assessment of values of buildings in residential areas should mandatorily include
vehicle values. Value of infrastructure assets (e.g. road, railways, water supply or sewer
systems, etc.) can be obtained from the construction costs that are usually made available
in publications. Values of crops are equal to the investments to produce the crops, while
value of livestock can be inferred from market price. A detailed guide on the asset value
estimation can be found in the literature [9].

Flood damages assessments should refer to large areas (e.g. entire regions). On the
other hand, asset values are often inferred over much smaller, “sample” areas: for example,
value of dwellings is assessed based on a sample of individual dwelling within a smaller
zone, assuming that this zone is representative for the entire considered area. To enable
extrapolation to wider areas, asset values are given per unit area, i.e. as specific asset
values (e.g. in €/m?). For example, once a representative zone is selected, the number of
buildings within such a zone is determined, and then multiplied by the mean estimated
value of the building to yield the total asset value of the zone. The total value is then
divided by the zone area, resulting in specific asset value. A similar calculation can be
done for road and rail network: although values of these assets are regularly given per
unit length, values per unit area can be calculated taking into account e.g. the road/rail
track width [9].

Specific asset values greatly facilitate flood risk estimation, as explained in the sequel.

An example of specific asset values, assessed for the North Rhine region, are given
in Table 6.

Table 6. Specific asset values for North Rhine-Westphalia [9]

Land-use category Value of fixed assets (EUR/m?)  Value of mobile assets (EUR/m?) Total (EUR/m?)

Settlement 231 59 289
Industry 231 80 311
Traffic 263 2 265
Agricultural area No differentiation No differentiation 9
Forest No differentiation No differentiation 1
Other No differentiation No differentiation 0

Damage-Depth Curves (DDC)

Depth—damage curves (DDCs) represent dependence of damages on flooding water
depth. As such, these curves provide a link between flood characteristics and flood
consequences, i.e. damages that are essential for flood risk assessment.

There are two types of these curves: absolute and relative [9]. Absolute DDCs show
damages in monetary terms versus water depth (at the abscissa, see e.g. the bottom
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panel of Figure 17). Relative DDCs show damages as the share of total asset value at the
given water depth. Specifically, loss takes value between 0 (no damage) and 1 or 100%
(total loss of the asset) [3]. Absolute DDCs can easily be converted into relative ones by
dividing ordinate values by the estimated asset value, and vice-versa. Relative DDCs
are convenient, since they can be easily transferred across different regions, and applied
with site-specific asset values.

DDCs are derived for each land-use type in the considered area. The curves for
forests or agricultural land are generally obtained from less detailed data than DDCs for
residential or industrial areas, or road and rail networks [3]. There are two approaches to
DDC derivation: from real survey data (ex-post) and from synthetic data (ex-ante, “what
if” approach), i.e. expected values based on the assumptions on damage magnitudes [9].
The latter approach generally leads to overestimated damages, as even severe floods do
not always cause total damages, i.e. total loss of assets.

Derivation of DDC is a quite challenging task. The following explanations about
DDC creation are based on the example of DDC for a residential building. Figure 17
shows ex-ante derivation of the absolute DDC for a single two-storey residential building,
considering the relative share of damages to the individual dwelling components into
the total damage (Figure 18). Abrupt jumps in the DDCs in Figure 17 are noticed when
the water stage reaches a level at which power sockets are put up, or the second floor of
the building.

Similarly to the asset values, the DDCs have to be extrapolated to much wider areas
(e.g. a region). In other words, DDCs have to be representative of many buildings of
varying characteristics within the considered area. To this end, DDCs are created either
by averaging data for numerous buildings, or by analysing data after flood events. For
example, the flood damage data for the U.K. are available from the Flood Hazard Research
Centre (FHRC), and for Germany from the HOWAS database [9].

Averaging data from numerous flood events and/or on numerous buildings results
in smooth curves, without any abrupt jumps that are apparent in DDCs derived from
synthetic data (ex-ante approach). Regional DDCs obtained for the Rhine and Elbe basins
are shown in Figure 19.

Considerable variations in elevation, robustness of the building structure, presence
of cellar and furnishing luxury [27] result in an extensive scatter in damage data, as
shown in Figure 20. This means that, although DDCs derived either by averaging over
numerous buildings or from the post-event survey data are considered representative
of the entire considered region, they are accompanied by enormous uncertainties (see
Figure 20). To take differences among the buildings into account, different DDCs are
obtained for few distinctive residential building types in the U.K. based on the data from
the FHRC (Figure 21).
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Figure 21. Absolute DDCs for different residential building types in the UK. [9]

Expected Annual Damage (EAD)
One area can be affected by flood events of various probabilities/return periods (e.g.
50-year or greater). Each of these floods causes damages of different magnitudes. There-

fore, consequences of floods of various probabilities should be taken into account for
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the purpose of flood risk assessment. To this end, expected annual damages (EADs),
which combine the probability of flood events that affect the considered area, and the
corresponding flood damages are computed [9]. This is in line with the definition of
flood risk, which is a product of flood hazard, i.e. the probability of occurrence and
flood consequences, represented in monetary terms (see section Definition of flood risk
and Figure 3).

To calculate EAD, the product of flood probability P and consequent damages D is
represented in an integral form as follows [6]:

Pmax
EAD= [ P(h)-D(h)dP o
Fait

where h stands for the water depth, and P(h) and D(h) denote the probability of a given
water depth (i.e. flood event that results in a given water depth), and consequent specific
damage quantified in monetary terms, respectively. Specific damage dependence on the
flood probability is illustrated in Figure 22. The value of the integral in equation (2), i.e.
the blue area below the function in Figure 22 represents EAD [5] [6].

The lower limit of integration Pcrit is the probability of the critical flood event that
causes flooding of the considered area and triggers damages [3]. In other words, flood
events of higher probability of exceedance (shorter return period), do not trigger flooding
of the area, and, hence, do not cause any damage. The probability of the critical flood
event should be defined bearing in mind that some minor flood events do not cause any
measurable damage [9]. The upper limit of integration is set arbitrarily to a quite small
probability of exceedance (e.g. 0.001 or 10,000-year return period). Flood damage at
lower probabilities of exceedance cannot be calculated, and it represents residual risk [3].
The integration of equation (2) is performed by applying the trapezium rule, assuming
a linear increase in damages in between two characteristic flood probabilities [3].

Specific Damage (€/m?)

10 5 2 1 0.5 0.2 0.1 0.01
Flood probability (%)

Figure 22. Specific damage as a function of the flood exceedance probability (compiled by the author)
To obtain the curve shown in Figure 22, specific damages have to be estimated for several
floods of characteristic probabilities/return periods. For example, in Figure 22 damages

are obtained for the following return periods: 10-, 20-, 50-, 100-, 200-, 500-, 1,000- and
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10,000-year return periods. These specific damages should be computed for each LUT
in the considered area, following the methodology described in the previous sections.

It should be noted that damages due to flood event do not represent actual damages,
but rather rough assessments of the expected damages [9]. As stated previously, there are
considerable uncertainties in DDCs, as well in the asset value assessment. Also, measures
that can be taken prior to and during a flood event, such as relocation or elevation of
movable assets, or putting up shields around a building or a property, are not accounted
for in this approach although these measures can mitigate flood damages. Therefore, the
EADs also represent approximations of average flood damages in a given year.

Flood risk assessment

According to this methodology, a level of flood risk is inferred from EAD, taking into
account LUT. Additionally, for assessment of flood risk levels two things have to be
defined: namely, risk levels (e.g. high, medium and low) and EAD threshold values that
allow differentiation among different risk levels. For most LUTs, following three levels
of flood risk are recognised: high, medium and low [3].

The threshold EAD values depend on the LUT, but also on the geographical region.
Specifically, flood risk levels are related to costs of flood insurance per year, which, on
the other hand, depend on EAD in a considered area. For example, the threshold for
high flood risk should be EAD equal to the unacceptably high flood insurance costs.
Considering that insurance costs and “unacceptable costs” considerably vary, there are
no unique, generally accepted EAD threshold values.

For example, for residential areas, the EAD value of 0.1 €/m?/year can be used to
discriminate between low and medium flood risk, and EAD value of 1 €/m?%/year can be
used to identify high risk areas (i.e. annual insurance costs of 1 €/m? can be considered
prohibitive and unaffordably high by most citizens) [3]. The same principle is applied for
flood risk assessment in agricultural areas. In these areas, only low and moderate levels
of flood risk are recognised with EAD value of 0.012 €/m?/year as the threshold EAD
value [3]. Note that these EAD threshold values can vary with the region, depending on
the economy of the region and insurance policies.

As stated in the previous sections, this methodology for flood risk assessment does
not consider risks to human health and lives. However, flood risk to people can be readily
estimated from the product of water depth and velocity, and by imposing threshold values
given in Table 2.

Flood risk maps
Information on flood risk levels are easily obtained and communicated to the public

and decision-makers via flood risk maps, which are obtained by using a GIS tool.
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In addition to effective visualisation, GIS tools greatly facilitate the manipulation
of different data (e.g. inundation maps, LUT and asset values) and they are essential
for flood risk assessment. Flood risk maps are obtained following the methodology
elaborated in the previous sections. The process of creating flood risk maps by using
QGIS is described and illustrated with examples in this section. Being freely-available,
QGIS is preferred over e.g. ArcMap.

The latter is certainly more user-friendly, and offers more features, however, it is not
freeware.

Inundation maps. Flood flow rates or hydrographs are computed and routed externally,
by employing appropriate hydrologic and hydraulic models. Simulated water levels during
flood events of different return periods are exported from the hydraulic model to a GIS
environment. For example, water levels simulated with HEC-RAS can be easily imported
to ArcMap or QGIS by using appropriate plug-ins (as explained in section Flood routing
and inundation maps), resulting in inundation maps.

Land use types. LUT layers have to be either imported in the GIS environment or
created based on the e.g. orthophoto maps. Specific asset values can be appointed to
each LUT as by adding a column in the attribute table and entering estimated values, as
shown in Figure 23. LUT data are commonly made/available as vector shapefiles. For the
purpose of flood damage computations, a raster version of LUT layer is required. A LUT
layer can readily be rasterised e.g. with the Rasterise function (under Raster drop-down
menu, command Conversion in QGIS).

Since DDCs differ across LUTs, pixels with one LUT have to be extracted, as shown
in Figure 24. In this way, pixels with industrial LUT are assigned value 1, and the
remaining value 0.

Damages due to flood event of a given return period. These damages (in monetary
terms) are easily calculated by applying the Raster calculator, as shown in Figure 25.
In this example, the IKSR DDC is applied to estimate damages due to 1,000-year flood
in industrial zones. Note that the auxiliary raster layer enables that the damages are
estimated for pixels with industrial LUT only. Damage computation should be repeated
for all LUT and all return periods considered.

Expected Annual Damage (EAD). EAD is easily calculated from the estimated dam-
ages, by applying the trapezium rule (see subsection Expected Annual Damage [EAD])
with the raster calculator, as shown in Figure 26. Note that values in “Raster calculator
expression” in Figure 26 correspond to differences between the flood probabilities (e.g.
0.005 is the difference between 1/100 and 1/200).

Flood risk maps. Based on the EAD and adopted threshold values for every LUT,
flood risk maps are obtained. Initially, flood risk can be derived for individual LUTs,
considering different threshold values or risk categorisation, and merged into a single
raster file with the command Merge raster layers in QGIS environment.

The maps created for the purpose of flood risk assessment in the Resava catchment
are shown in Figure 27.

159



Andrijana Todorovi¢

k4 Attribute table - Toplica_CORINE_mpolys :: Features total: 13, fi

[BRERREREEE

code_06 LUT Area
333 Sparsely vegetated areas 718212771473
324 Transitional woodland shrub 112.37425823100
321 Natural grassland 35.51793616480

w
-
-

LAEREREEEE
(nte 08 =€) o[

code 06 / LT Area SAV
0 |112 Discontinuous urban fabric 14.80392393540 333
1 |121 Industrial or commercial units 163293146733 NULL
2 [131 Mineral extraction sites 0.27818307793 UL
3 |211 Non-irrigated arable land 183.81078088900 NULL
4 |231 Pastures 37.26588038380 NULL
5 |242 Complex cultivation patterns 292.81902138600 NULL
6 |243 Land principally occupied by agriculture | 258.43559129200 NULL
7 |311 Broad-leaved forest 1091.861070120... o1
8 |312 Coniferous forest 9.03119255474 NULL
9 |313 Mixed forest 13.37433124460 NULL
10 |321 Natural grassland 35.51793616480 UL
11324 Transitional woodland shrub 112.37425823100 NULL
12 333 Sparsely vegetated areas 7.18212771473 ML
&4 show All Features _

Figure 23. Appointing specific asset values in GIS environment to each LUT (compiled by the author)
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(compiled by the author)
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Figure 26. Calculation of expected annual damages by applying the trapezium rule to 100-, 200-, 500- and
1,000-year flood events in industrial zones (compiled by the author)

A) Inunda ion m; (water depth inm) | B)Spe ific asset values (€/m?)

I 100 - 140 (€m2)
I <0 - 180 (6m2)
I o0 - 220 €m2)

. W sonom
T novom
5 nosom

0-021 [€/m2'god)
[ 02103 0m2'god)

Figure 27. Flood Risk Mapping in the Resava catchment: A) inundation map (1,000-year return period);
B) specific asset values; C) expected annual damages; and D) flood risk [29]
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Glossary

Assets — represent entities of value in a considered area, such as houses, vehicles, inventories,
infrastructural systems (e.g. traffic, water supply and sewer systems), etc.

Consequence — negative flood impacts, which generally include social, economic and environ-
mental impacts. Consequences can be represented in terms of monetary loss or qualitatively
(e.g. high, low). Only economic consequences are considered in this course.

Damages — losses due to flood expressed in monetary value. Here, only direct, tangible damages
are considered.

Depth—damage curves (DDC) — functions showing dependence of damages on water depth for
a considered land use type (e.g. residential or industrial areas, agricultural land, etc.).

Absolute DDC — show damages expressed in monetary value versus water depth.

Relative DDC — show damages in relative terms, as share of total asset value.

Direct damages — damages caused by direct contact with flooding water (e.g. damages to struc-
tures, industrial facilities, infrastructural systems, crops, etc.).

Expected Annual Damages (EAD) — specific damages in a considered area calculated by com-
bining various probabilities of flooding (e.g. 50- through 1000-year return periods) and the
corresponding damages, represented by their monetary value. EAD is given in €/m?/year.

Exposure — the situation that people, infrastructure, housing, production capacities and other
tangible human assets are being situated in a flood-prone area [8].

Flood — An overflow of a large amount of water beyond its normal limits, especially over what
is normally dry land (source: https://en.oxforddictionaries.com/definition/flood).

Flood hazard — related to frequency of flooding. Flood hazard is great in flood prone areas.

Flood risk — risk is a function of probability, exposure and vulnerability. Here, it is calculated
by multiplying of flood probability by its consequences, which are quantified in terms of
monetary loss.

Flood risk assessment — procedure of estimation of flood risk in a certain area, according to the
methodology adopted, including thresholds used to differentiate among different risk levels.

Flood risk maps — maps showing different degrees of flood risk across a region of interest. These
maps clearly indicate high risk areas, and can be easily used by decision-makers and citizens.

Flow quantile — flow rate of a given probability of exceedance or return period. This value is
estimated by applying statistical methods (e.g. Flood Frequency Analysis).

Hazard — a potential source of danger or a harmful event.

Flood hazard — probability of flooding of certain area.

Indirect damages — damages accompanying direct ones. Indirect damages are not caused by direct
contact with flooding water. These damages include e.g. loss in production and income, loss
due to traffic disruption, etc.

Intangible damages — damages that are difficult to represent in terms of monetary value [9].
These include e.g. loss of human lives, negative effects on health and environment, damages
to cultural heritage, etc.

Inundation — flooded area that are otherwise dry.

Inundation maps — maps showing the flood extent and water depth in each pixel of the inundated
(flooded) area for a flood of a given return period. These are obtained by overlying common
terrain maps by the results of hydraulic simulations.

Inventories — household contents or, for businesses, stocks of outputs that are still held by the
units that produced them [9].
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Land use types — include e.g. residential zones, industrial zones, agricultural land, forest (decidu-
ous or coniferous), shrubs, traffic, etc.

Probability — here, the term “probability” is used to represent the probability of exceedance, i.e.
the reciprocal value of the return period.

Return period — mean time interval between exceedances of a specified flow. It is calculated
as a reciprocal value of the flow probability of exceedance and is expressed in years [15].

Specific asset value — asset value per unit area (e.g. €/m?). It is obtained by estimating the total
asset value within a considered area, and dividing this estimate by the total area.

Tangible damages — damages that can be readily quantified in monetary terms. Tangible damages
include e.g. damages to buildings or infrastructure.

Vulnerability — potential of a system to be harmed. According to UN, vulnerability is defined
as: “the conditions determined by physical, social, economic and environmental factors or
processes which increase the susceptibility of an individual, a community, assets or systems
to the impacts of hazards” [8].
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