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Abstract

Flood risk management aims to reduce risks, manage residual risks, and prevent new risks in order to
strengthen resilience and contribute to the prevention of increasing flood losses. Climate change, land-use
change, human intervention, and socio-economic development lead to dynamics in the main risk
components - hazard, exposure, and vulnerability. The spatiotemporal evolution of flood risk poses
challenges to flood risk management, necessitating continuous adaptation of risk management strategies.
To enable adaptive flood risk management, it is necessary to understand and quantify the evolution of flood
risk, and its components hazard, exposure, and vulnerability. A strategy to operationalize adaptive flood risk
management is the establishment of a risk monitoring system that systematically identifies critical
developments. However, a risk monitoring system (including changes of hazard, exposure, and vulnerability)
is currently lacking in both its conceptualization and implementation. This PhD thesis addresses this gap by
undertaking the following three objectives: (i) to elaborate principles of flood risk monitoring, (ii) to evaluate
the application of flood risk monitoring and (iii) to integrate variations in vulnerability into risk analysis to
enhance the knowledge about the impact on flood risk and flood risk monitoring.

The first paper distills the fundamental steps necessary for the elaboration of a flood risk monitoring
system. A systematic literature review was conducted to identify and deepen the understanding of local and
regional flood risk evolution studies. The synthesis of the literature review delineates the main objectives,
key factors and methods that have been selected for the analysis of flood risk evolution and the results of
the flood risk analyses. The findings of the review indicate that there is no universally applicable strategy for
the monitoring of flood risk. Moreover, the heterogeneity of the approaches hampers comparability of
results. Nevertheless, the review enables the formulation of conclusions concerning the monitoring of flood
risk and the distillation of the principles of flood risk monitoring. The findings indicate that risk emerges
from the interactions between the risk components (hazard, exposure, and vulnerability), thereby indicating
that risk itself cannot be directly monitored. The integration of data and proxy data concerning evolving
risk factors necessitates the implementation of methodologies such as data mining, data modeling, data
analysis, and data combination. The principles of flood risk monitoring, outlined in this paper are as follows:
repeated flood risk analyses consisting of the systematic measurement of factors influencing hazard,
exposure, and vulnerability; modeling the risk components; and the combination of these components to
quantify risk.

The second paper evaluates the implementation of flood risk monitoring through a national case study of
Switzerland, encompassing a 10-year data collection period. Data streams of hazard (continuously updated
hazard maps), exposure (number of houses in potentially endangered areas), and vulnerability (degree of
damage) were collected and analyzed to calculate risk (in terms of potential damage) evolution for each year
between 2014 and 2023. The findings indicate that the flood risk in Switzerland has undergone distinct
annual changes. These changes are accompanied by spatial variability in the evolution of the flood risk and
its components across various administrative units. From 2014 to 2023, the total flood risk in Switzerland
increased by 26%, the hazard area expanded by 32%, and the exposure grew by 35%. The disentangling of
risk factors facilitates a more profound comprehension of the predominant drivers that increase or decrease
risk. The selection of data and methods for the flood risk monitoring concept enabled the systematic
quantification of annual flood risk at the national, cantonal, and municipal scale. Consequently, the
monitoring of individual risk factors contributes to the observation of risk evolution, thereby validating the
efficacy of the flood risk monitoring concept. Nevertheless, challenges persist regarding data availability and
consistency, impeding effective flood risk monitoring.

The third paper examines the quantitative knowledge concerning the implementation level and damage-
reducing effects of property-level flood risk adaptation (PLFRA) measures. A local case study in the Swiss
municipality of Burgdorf was conducted to collect data on PLFRA and incorporate this data into the flood
risk analysis, which is based on a comprehensive risk modeling chain. The results demonstrate that
neglecting PLFRA measures in the risk analysis leads to an overestimation of flood risk. The incorporation
of PLFRA measures and their level of protection in the risk analysis reduced flood risk by 18%.
Furthermore, the consideration of all protection levels resulted in a 23% reduction in flood risk.
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Additionally, a protection level of 0.5m for each building would reduce the risk by 50%. The results support
the notion that adaptive flood risk management requires approaches that consider the spatiotemporal
evolution of all risk components (hazard, exposure, and vulnerability).

In conclusion, this doctoral thesis provide a critical perspective on flood risk evolution and introduces
principles of flood risk monitoring that enhance the understanding of systemic risks and support the
development of a flood risk monitoring concept. Based on these principles, a flood risk monitoring concept
is evaluated to identify insights about benefits, challenges, limitations and key lessons to refine the
framework and enhance the applicability for long-term flood risk monitoring. Based on the identified gap
in the first and second study that vulnerability is often neglected in flood risk evolution analyses, we consider
in a third study vulnerability mitigation in flood risk analysis to improve flood risk monitoring.

Keywords: Flood risk dynamic, flood risk evolution, flood risk monitoring, adaptive flood risk management,
flood vulnerability analysis, proof of monitoring concept, global change
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| Introduction: Thesis rationale and scope

River floodplains are popular areas for residential and economic development.'-* In recent decades, there
has been a significant increase in population and economic assets in flood-prone ateas, resulting in increased
tflood susceptibility and damage.>¢ Globally, floods represent the most frequent natural hazard, accounting
for 31% of economic losses and 16% of fatalities from 1970 to 2019, underscoring their growing severity
and impact on societies.”®

Flood risk is commonly defined as the potential adverse consequences of floods in a specified period of
time, resulting from dynamic interactions between hazard, exposure, and vulnerability.”! Flood risk
management aims to reduce risk, manage residual risk and prevent new risks by analyzing, assessing and
evaluating flood risk. An integral part of understanding past, present and/or future risk, and selecting
appropriate risk management measures, is a pre-event flood risk analysis. In this analysis, the hazard
(frequency and magnitude of floods), exposure (population and assets in flood-prone areas), and
vulnerability (susceptibility of the exposed elements) are analyzed to quantify risk.!!

However, flood risk is subject to change over time.'?-!6 The influence of climate change, land-use change,
human interventions and socio-economic developments on hazard, exposure and vulnerability has led to
and will lead to the evolution of risk.'-! Consequently, new strategies in flood risk management are
required, moving away from a very static perspective of flood risk towards the integration of changes in
flood risk.2-22 The understanding of flood risk evolution under global change conditions is essential for
sustainable decision-making in disaster risk reduction. Adaptive flood risk management can be defined as a
strategy for responding to global changes and addressing uncertainties in the planning process.2>-2> It is vital
to facilitate adaptive flood risk management and ensure sustainable decision-making in flood risk
management. This necessitates a comprehensive understanding, thorough assessment, and continuous
monitoring of flood risk evolution.!.20

At the international level, the Sendai Framework for Disaster Risk Reduction? delineates specific actions
for managing disaster risk. Priorities 1 and 2 highlight the significance of enhancing the understanding,
assessment, and monitoring of flood risks, while strengthening the mechanisms to achieve these objectives.2¢
However, the monitoring tools under Priority 4 primarily focus on observing hazards, disaster losses, and
impacts rather than tracking changes over time.?¢ In Europe, the EU Floods Directive mandates European
Member States?” to adopt structured methodologies for flood risk management, including periodic reviews
and updates every six years to mitigate flood impacts. Nevertheless, these updates are primarily focused on
enhancing risk reduction rather than continuously monitoring risk evolution. The comparison of flood risk
assessments between successive updates remains challenging due to variations in assessment
methodologies.28-30 Despite this, there is still a lack of guidance and examples for establishing a flood risk
monitoring system that supports proactive and adaptive flood risk management.

In recent years, studies analyzing flood risk have increasingly focused on the analysis of the evolution of
flood risk, hazatd, exposure, and/or vulnerability.!>3! Within these studies, the understanding of flood risk
evolution is deepened by repeating flood risk analyses for selected points in time and spatial scales.??
However, factors, methods and results vary between studies implying that no “one size fits all applicable
risk monitoring strategy” exists.?> Additionally, most of the studies neglect the evolution of one or more
risk components and use different definitions of flood risk.’23 The most neglected component is
vulnerability. However, risk models that incorporate changes in vulnerability, such as those resulting from
property-level flood risk adaptation measures, are crucial for assessing the evolution of flood risk over time.
However, the mitigation of vulnerability is rarely considered in flood risk analysis due to a lack of
quantitative knowledge about the implementation and damage-reducing effects of PLFRA measures.>*

In view of the fact that the systematic monitoring of flood risk evolution in flood risk management,
incorporating the analysis and quantification of all risk components, is a relatively new research topic, there
are several open questions. These include, but are not limited to, data integration, method selection, long-
term data consistency, data comparison and the benefits for adaptive flood risk management.



1 Introduction: Thesis rationale and scope

In order to enhance our understanding of flood risk monitoring, the specific objectives of this thesis are as

follows:

1.

Review of flood risk evolution studies for the development of flood risk monitoring principles

The first objective of this thesis is to provide a synthesis of existing research on flood risk evolution
through a systematic review of peer-reviewed literature. A range of approaches to addressing flood
risk evolution, the dynamic risk components considered, and the contributions of these studies are
analyzed in order to develop principles of flood risk monitoring. The aim is to provide a critical
perspective on flood risk evolution and to outline key steps for flood risk monitoring. The objective
is to contribute to an iterative framework that enhances the understanding of systemic risk and
supports adaptive flood risk management (Chapter 2).

Evaluation of a national flood risk monitoring concept

The second objective is to develop a systematic flood risk analysis framework to quantify the evolution
of flood risk across administrative units in Switzerland over a specific period. The aim is to gain insights
from monitoring annual flood risk evolution, highlighting spatial variations and the dynamics of risk
components in order to detect spatiotemporal trends and support adaptive risk management. By
developing and evaluating the national flood risk monitoring concept, the study aims to identify
challenges and limitations in the implementation of the monitoring approach and to draw key lessons
to refine the framework and enhance its applicability for long-term flood risk monitoring (Chapter 3).

Consideration of vulnerability mitigation in flood risk analysis to improve flood risk
monitoring

The third objective is to analyze the level of implementation of property-level flood risk adaptation
(PLFRA) measures and to quantify the effect of PLFRA measures on the overall flood risk in a Swiss
municipality. This involves collecting data on PLFRA measures through a field survey, incorporating
it into the flood risk analysis, and evaluating their damage-reducing effects. The study aims to
demonstrate that neglecting detailed information on all risk components can lead to oversimplified or
inaccurate flood risk estimates, highlighting the need to integrate such data into flood risk monitoring
for adaptive flood risk management (Chapter 4).

The main findings from Chapters 2 to 4 are synthesized in Chapter 5, with a brief summary of identified
limitations and an outlook on further research to advance the concept of flood risk monitoring. Despite the
focus on flood risk in this thesis, the scientific basis for flood risk monitoring developed in this thesis can

be generalized and is valid for monitoring risk evolution from other natural hazards as well. This research
contributes to the broader field of disaster risk reduction by developing, validating, and improving

monitoring systems for adaptive flood risk management.
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Abstract

Land-use change, climate change, human interventions, and socio-economic developments influence the
evolution of the risk components hazard, exposure, and vulnerability, and consequently of flood risk.
Adaptive flood risk management is a way to cope with evolving risks, but it requires measuring the evolution
of risks. To develop principles of flood risk monitoring, we systematically reviewed scientific literature on
flood risk evolution analyses. The reviewed publications indicate a wide spread in increase or decrease of
flood risk evolution over decades. Furthermore, the publications show a high diversity in factors and
methods for flood risk evolution analyses and indicate the main challenges for developing flood risk
monitoring. Flood risk monitoring needs the systematic detection of flood risk evolution by periodically
(re)evaluate the factors that influence the risk components - hazard, exposure and vulnerability - modeling
those risk components and combining them to quantify flood risk.

Keywords: Flood risk dynamics, complex systems, flood risk management, adaptive management,
adaptation, natural hazards, exposure, vulnerability, climate change, global change



2.1 Introduction

2.1 Infroduction

On a global level, floods have caused the most reported disasters or loss events related to weather, climate
and water hazards (44%), led to the second highest economic losses (31%) and the third highest number of
deaths (16%) from 1970-2019.1 In a general context, flood risk can be expressed in different dimensions,
e.g. as the potential future losses due to floods or as the probability of an adverse outcome that arises from
the combination of a natural hazard and vulnerable elements within a community.? The analysis and
assessment of flood risk is an interdisciplinary approach and may differ depending on the foci and
discipline.

Following the general concept of the Intergovernmental Panel on Climate Change IPCC* and the United
Nations Office for Disaster Risk Reduction UNDRR,> disaster risk is defined as “the likelihood over a
specified time period of severe alterations in the normal functioning of a community or a society due to
hazardous physical events interacting with vulnerable social conditions, leading to widespread adverse
human, material, economic or environmental effects that require immediate emergency response to satisfy
critical human needs and that may require external support for recovery”.* From natural and technical

sciences perspective, risk can be quantified by a deterministic risk equation (2-1).8
Ri; = f(0j pijs A Vi j) @-1)

Where R; ; is the risk dependent on object i and scenario J, p; is the probability of defined scenario j, p;
is the probability of exposute of object i to scenatio j, 4; is the value of object i (the value at risk affected
by scenario j), and v;; is the vulnerability of object i in dependence on scenario j. An overview on

differences of flood risk assessment considering different spatial scales is provided by de Moel et al.?

The flood risk analysis provides an important part for an overall risk governance (see Klinke and Renn’
for a broad overview including also sociopolitical perspectives) and especially for risk management. The aim
of flood risk management is to reduce risk to an acceptable level for the relevant society via prevention,
mitigation, preparedness, and response measures. It also includes managing residual risks and preventing
new or increasing risk.” The basis for understanding past, current and/or future risk in a flooding system
and for selecting appropriate risk management measures is a pre-event risk assessment that considers the
characteristics of the hazard, the exposure of elements at risk, and the vulnerability. Herein, the flooding

system is defined as physical and human systems that “influence or are influenced by flooding”.?

However, flood risk is not static but changes over time.>?** Flood events and risk are strongly related to
climate change and this will raise further challenges for the global community.* Moreover, land-use change,
human interventions, and socio-economic developments all influence exposure and vulnerability, thus
changes of all risk components have led and will lead to the evolution of flood risk.”>™” Consequently, the
evolution of flood risk can be highly dynamic and complex.®®*?° The complex properties lead to the
emergence of systemic risks, which are characterized by interactions and transboundary effects in the scope

2122 and need to be better understood and addressed in whole systems approaches.>?*?4

of consequences,
Approaches of risk analysis that address the evolution of risk in a comprehensive way and also take into
account the interactions and feedback between hazards and the more societal risk components are
scarce.”* Moreover, the future dynamics of drivers influencing hazard, exposure, and vulnerability, and

consequently flood risk evolution is fraught with a high degree of uncertainty.

Understanding flood risk and the evolution of flood risk under global change conditions is therefore
essential for sustainable decision-making in disaster risk reduction. This was already addressed in the Sendai
Framework Priorities and targets by “focusing on monitoring, assessing and understanding disaster risk”
(Priority 1), as well as for “strengthening the mechanisms for monitoring and assessment of disaster risks”
in the context of risk governance (Priority 2).”” However, monitoring tools mainly observe hazard and
provide information on early warning as part of Priority 4 (Enhancing disaster preparedness for effective
response and to “Build Back Better” in recovery, rehabilitation and reconstruction)?’” but not changing risk.
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Additionally, monitoring tools address the need for developing national and international platforms to
monitor trends and patterns of disaster losses and impacts to properly capture any progress towards
reducing losses.>?® Other monitoring tools in relation to risk and risk reduction integrated in the Sendai

Monitor (loss data and impacts, strategies for risk reduction) show little progress.?®

Moreover, new assessment tools are needed to enable adaptive flood risk management to address the
changing and systemic risks.** However, focusing on understanding disaster risk and the implementation of
adaptive flood risk management requires a flood risk monitoring that screens critical developments of
hazard, exposure, and vulnerability in a comprehensive way and warns the decision makers when a critical
point in flood risk evolution will be approached. In the context of reducing flood impacts on European
societies, the EU Floods Directive 2007/60/EC3! provides guidelines to European Member States on flood
risk assessment and management. The Flood Directive (FD) comprises three planning steps, 1) the
preliminary assessment of flood risk and the identification of Areas of Potential Significant Flood Risk
(APSFR), ii) the establishment of flood hazard maps and flood risk maps, and iii) the flood risk management
plans to reduce the risks. These steps are to be repeated, reviewed, and, if necessary updated every six years.
In 2022, most member states started the third cycle (2022-2027).3 However, the focus of the FD is not on
the monitoring of risks — despite acknowledging the aspects of dynamic risk by the repeated assessment —
but to assess risk to find adequate risk reduction measures. Moreover, the member states implemented very
different approaches to address the FD*7> and updated and changed the applied approaches from the first
to third cycle which limits to observe the risk evolution. Yet, a scientific basis for risk monitoring serving
for a proactive adaptive flood risk management is still missing,.

Based on the highlighted challenges of the analysis and evolution of flood risk and the still existing
limitation to address risk monitoring for an adaptive flood risk management, this study provides in a first
step a review of local and regional flood risk evolution studies and in a second step an outline for a flood
risk monitoring approach. We focus on pluvial and fluvial floods.

In the review part, we aim to present a synthesis of research on the evolution of flood risk through a
systematic review of peer-reviewed articles to deepen the understanding of flood risk evolution. We analyzed
the different approaches for addressing flood risk evolution, the dynamical risk components considered and
the contribution of these publications on risk evolution for developing principles of flood risk monitoring.
In the second part, we provide a critical perspective on flood risk evolution and distil the basic steps towards
risk monitoring. We understand risk monitoring in this study as the systematic detection of risk evolution
by periodically measuring the factors that influence the risk components hazard, exposure and vulnerability,
modeling the risk components and combining them to quantify risk. We aim to contribute with the iterative
framework to support a better understanding of systemic risk and adaptive flood risk management.”
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2.2 Systematic Review: Flood risk evolution

The following chapter includes the method description, an overview and classification of the selected
publications, and the results and synthesis of the systematic review. The results and syntheses of publications
are organized into sections according to whether they analyzed an evolution in all three risk components
(H, E, IV), in two risk components (H, E or H, 7 or E,1”), or in one risk component (H or E or /). The
sections are sub-divided into publications analyzing an evolution in the past, future, or a comparison of past
and future. Each sub-section answers the questions (a) what were the main objectives of the studies, (b)
with which methods and factors was flood risk evolution and important drivers analyzed and (c) what are
the main conclusions regarding flood risk evolution and drivers.

2.2.1 Method

In order to elaborate principles of flood risk monitoring, we conducted a systematic search, review, and
synthesis of peer-reviewed literature about flood risk evolution. This systematic review follows formal
methodological steps outlined in Berrang-Ford et al.,*® Khan et al.,*” and Liberati® to add transparency and
reproducibility to the review process. The literature was searched with Scopus and Web of Science (last
update: 19.04.2024) by using a search string (Figure 2-1) generated in an iterative process. Literature related
to the research questions was screened to receive a set of search terms. After selecting search terms, various
combinations were tested to obtain a search string that returned literature that met the eligibility criteria.
Various Boolean operators were used to broaden and narrow the results. We searched within the article title,
abstract and keywords fields in the Scopus database and in the topic field in Web of Science database.
Additional search criteria were the language (English) and document type (article, review). The time of
publication was limited to the period from 2000 until the date of the last search in Scopus and Web of
Science (19.04.2024). After the removal of duplicates, 846 papers remained for the first selection. The
retrieved titles and abstracts were screened according to pre-defined inclusion and exclusion criteria (Table
2-1). The second selection was done by reading the whole paper and screening according to pre-defined
inclusion and exclusion criteria (Table 2-1). At the end, 111 papers were classified as relevant for the content
analysis and synthesis. Undoubtedly, relevant publications may be missing in our literature search due to the
varying use of terms in their titles, keywords or abstracts. Nevertheless, our results are robust in terms of
flood risk evolution studies revealed.

Search string: “flood risk” AND

(evolution OR development OR change Inclusion / Exclusion criteria
OR dynamic) AND (analys* OR assess*
OR monitor*) AND (driver OR factor OR @ Q @

parameter OR variable) AND (regional
OR urban OR city OR local OR criteria in: 1st criteria in: 2nd
floodplain) AND NOT (coast* OR storm) round abstract round full text

/Language: English . ﬁ
Document type: Papers in Scopus

. . (Title-Abs-Key) Removing
Amcll:e),atRe?wew |:> and Web of I:>

. 2000-today Science (Topic) [ 4:972

. Content Guiding <:|
Synthesis <:| <:|

Figure 2-1. Experimental procedure systematic review

Selecting through H Selecting through

duplicates

List of final
selection m
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Table 2-1. Inclusion- and exclusion criteria systematic review

Inclusion criteria Exclusion criteria

Flood risk evolution analysis (Hazard, Exposure, Model performance or uncertainty analysis
Vulnerability, single or in combination) (past,
present, future)

Identification or analysis of drivers of changing Susceptibility-, hazard-, inundation-, risk

flood risk mapping
Interaction and feedback between drivers Resilience/ Adaptation
Spatiotemporal dynamics Evaluation of mitigation strategies/ recovery /

event management

Evaluation of water pollution, quality/ quantity

Event/ precipitation monitoring

After the final selection, we analyzed the literature (n=111) following a set of guiding questions:

e How is flood risk conceptualized in the studies?

e What is the geographical region of the case studies?

e What is the temporal scale of risk analysis?

e Which factors are used for risk evolution analysis?

e Which methods are used to analyze flood risk evolution?

e What are the main outcomes from analyzing flood risk evolution?

The coding and content analysis of the studies was conducted in MAXQDA, a software for qualitative
data and text analysis, following the guiding questions. After coding and content analysis, the studies were
grouped according to the risk component(s) in which they analyzed an evolution and in what timespan they
analyzed an evolution of flood risk. Finally, the grouped literature was integrated in an Excel-Sheet to
assemble the results of the content analysis and to synthesize the results. The selection, coding and content
analysis of the literature was assessed by the first author of the manuscript in an iterative process with
consultations and crosschecking of the co-authors.

2.2.2 General overview and classification of analyzed publications

From total 111 papers selected for the review, 101 were research articles and ten were review articles. The
earliest paper was published in 2003 and most of the articles were published in 2023. Case studies were
realized around the world, with most located in Asia and Europe. In Table 2-2, the studies included for the
systematic review (without review articles) are categorized by the applied risk definition (colored
background), the risk components used to analyze an evolution (rows) and the time referred to by the risk
analysis (columns). The studies analyzed the flood risk evolution under different risk conceptualizations,
but how risk was defined and conceptualized was not always clearly presented in the studies. Moreover,
65% of the studies lacked a clear definition of risk (blue background in Table 2-2). For those studies we
categorized the definition of risk according to their implicit descriptions of risk conceptualization. Although
all studies mentioned flood risk, only 36% of the studies included all three risk components in their analysis.
Flood risk, hazard, exposure, or vulnerability evolution was analyzed for either past or future or as a
comparison of past, present and future periods (columns). Most of the studies analyzed risk evolution in
the past (52%) (first column of Table 2-2). 55% of the studies analyzed the evolution of one risk component.
By combining more than one risk component, evolution was not always included in every risk component.
22 papers combined the evolution of all three risk components in the risk analysis.

10
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Table 2-2. Categorization of reviewed studies. The studies were categorized according to three criteria: a)
the period for which the risk evolution was analyzed (past, future, past-future), b) the integration of
evolving risk components (H, E, V) and ¢) the applied risk definition visualized by the colored background.
The background color shows: blue = no risk definition, red = H x E x V, green = H x V, yellow = other.
The italic letters in brackets indicate studies that hold one or two of the three risk components (H, E, V)
constant over the analyzed period and considered the others as dynamically changing.

Past Future Past - Future
Hazard, e Akdim et al.? e Liuetal# e Feng etal#’
Exposure., ~|® Galligari et al.# o Liuetal® e Nguyen et al.#
Vulnerability |, Wang et al.#! e Sauer et al.#

e Steinhausen et al.#>
e Zuo etal#

e Chen et al# e Chyon et al.>* e Poussin et al.>
e Guoyi et al.5 e Tesselaar et al.>

e [azzarin et al.”!

e Peng et al.??

e Seemuangngam & Lin3
e Chen et al.’

e Ciullo et al.>8

e Wongboontham et al.>

Elmer et al.10

Hazard, e Abass et al.%0 e Clark et al.o7 e Khan et al7
Exposure o Akhter et al.f! e FEder et al.®8 (17 const.) (I const.)

e Andrade & Scatrpati®? e Januriyadi et al.® (I const.)

e Cortes et al.” o Kefiet al.”? (I” const.)

e Faccini et al.t e Murnane et al.”!

e Flores et al.t

Franci et al.o¢
e Zischg et al.’® (I” const.)
e Domeneghetti et al.” (I” const) |e Beckers et al.”® (I” const.)

e Waghwala & Agnihotri’ e Sharma et al.7#
Hazard, e Chandole et al.76 e Chen et al.”’? e Kim et al.”
Vulnerability |q p,p et 4180 e Kittikhun et al.78
Exposure, e Naba et al.8! (H const.)

Vulnerability

11
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Hazard e Aich etal.® e Amiri et al.?? e Tripathi et
e Asinya & Alam®3 e Burton et al.!00 al.17
e Dixon et al.3 e De Oliveira et al.10!
e Duetal® e Duectal.l??
e Grandry et al.8¢ e Kay & Jones!'?
e Hung et al.8” o Lietall04
e Janicka et al.? e Liuetall®
e Mei et al.® (E, V const.) e Luetall00
e Roncak et al.” e Meresa et al.!?7
e Schober et al.%! (E const.) e Nigussie & Altunkaynak!08
e Slater & Villarini®? e Nyaupane!?”
e Sofia & Nikolopoulos?? e Ryu & Kim!10
e Sokolova et al.%* e Sayers et al.!!! (E, V const.)
e Tang etal® e Smith et al.112
e Wilby & Quinn? e Tam et al.!!3
® Yan etal.” e Wang et al.l14
e Zhang et al.” o Wulls
e Angra & Sapountzaki!l® ® Yosrietal.l'o (H, V const) |e Smits et al.120
e Attaran et al.!1? (E, V const.)
* Yu & Jung'?
(E, V const.)
e Dutal 12 e Park et al.!? e Radojevic et
al.124
Exposure e Ramiaramana & Teller!2s e Hemmati et all27 (H, V
o Abdelkareem et al.!26 (H, V const.)| const.)
e Frih-Mduller et al.128 e Chen et al.’® (H, V const.)
Vulnerability |e Ly etal.!3 e Gultom et al.!32 (H const.)
e Wang et al.!3!
e Yang etal.!?
e Boudou et al.!3
e Liu & Shi!3
e Mao et al.13

The selection of factors or the choice of model to analyze flood risk evolution varies across the analyzed

studies depending on the risk conceptualization, research questions of the study, spatiotemporal scale of

analyses and data availability. Consequently, the comparison and synthesis between individual studies is
quite limited. In the following sections, we present the summarized outcomes of the content analysis with

a focus on the main objectives, and diversity of methods, key factors and results of flood risk evolution

analyses.

12
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2.2.3 Hazard, Exposure, Vulnerability evolution

22 of 111 studies analyzed flood risk evolution with evolving factors describing the hazard, exposure, and
vulnerability component.

2.2.3.1 Evolution in the past

Studies that integrated an evolution of all three risk components into the risk analyses had varying research
foci. The most common denominator is the evaluation and analysis of past conditions of the flooding system
to learn about the evolution of this system. The gained knowledge is key to a flood risk evolution analysis
to compare different risk situations. The main objectives were to learn from past risk evolution for future

decisions in flood risk management,* to compare risk evolution in different regions to detect hotspots**>’

49,58

and flood management performance,® to compatre various risk situations with flood loss***® or to consider

the impact of urbanization and settlement dynamics on risk evolution.*%31,33:59

The approaches selected for the analyses of flood risk under historic conditions were qualitative and
quantitative data-, index- and/or model-based analyses. After the collection of data for the state-desctibing
variables for different periods, they were used to analyze inherent evolutions, to compare different states
with occurred flood events or other evolutions of state-describing variables,*® or they were modified so that

they can be used as input for index- or model-based evaluations.*0449753,57-39

Index-based analyses described the risk components through several indicators (see for a general

137)

overview~’). Data for hazard evolution analyses were mainly precipitation time series (as proxy) and

catchment characteristics. The amount of flood season precipitation,”” the amount of monthly precipitation,

* the average annual precipitation®® or maximum 3-day continuous

monthly maximum precipitation,
precipitation® were used as indicators for precipitation time series. As catchment characteristics, for
example, changes in wetlands or vegetation cover rate*®, changes in normalized difference vegetation index
(NDVI)*? or distance to river*® were selected as indicators. The indicators used for exposure analyses were,
for example, population density, road density, economic density, built-up area and/or the amount of gross
regional or domestic product.®****?>7 Indicators for social vulnerability were, for example, the age of the

#9532 and/or coping capacities (e.g.

population, the proportion of rural residents to the overall population,
municipal flood control investment per unit area).”’ Indicators to assess the economic vulnerability were
built-up density and proportion of farmland.”® Indicators were chosen a priori or selected via statistical
analyses from a set of indicators to estimate their relevance. Finally, the identified indicators were aggregated
in a risk index through weighting or statistical models. Risk evolution was detected by comparison of the
resulting flood risk of several periods.

The model-based analyses integrated several descriptive variables of risk components into one stylized

1°® or coupled data analyses with a hydraulic model.**>* The selection of data for hazard evolution

mode
analyses depended on whether the study relies on flood-related variables (e.g. flood magnitudes, flooded
area, high-water levels) or starts with the analysis of source variables of a flood event (e.g. precipitation or
flood discharge) to model the flood-related variables with hydraulic models. Data for exposure evolution
analyses were gross domestic product and population density”® or data for buildings."**! Data for
vulnerability evolution analyses were proxies for flood protection levels, social memory of floods and
relation between flood water levels and relative damage®® or structural characteristics of buildings.* Lazzarin

et al.>? 1.58

integrated the vulnerability of residential buildings by using vulnerability functions. Ciullo et a
integrated time-invariant parameters and time-varying variables describing the three risk components into
the dynamic model to detect risk evolution. Galligari et al.** conducted several individual analyses of risk
components and combined the knowledge gained to make statements about the risk evolution. Lazzarin et

al.>! coupled a damage model to the hydrodynamic model to analyze the flood risk evolution.

Almost all analyzed studies came to the same result: the main reason for flood risk evolution was exposure
evolution. Within each of the studies, the risk evolution in regions was compared and varying
A% showed that built-up area and/or the
number of buildings expanded but building density decreased. Regarding the vulnerability evolution, an

rising/decreasing flood risk detected. The study of Galligari et al

increase in rooftop improvements was detected as adaptation strategy. Thus, related variables had an

13
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amplifying or dampening effect on the overall flood risk evolution. For example, the increase in building re-
enforcement protected against heavy rainfall but not in case of increased runoff and water table rise.** On
the one hand, building consolidation decreased vulnerability of buildings against heavy rainfall, but, on the
other, it increased vulnerability against a flood event. The study of Peng et al.>? showed a trend in first
increasing and then decreasing risk for Beijing and an overall decreasing trend for Munich from 2000 to
2020. They stated that the reason for the differences lies in the urbanization process and the situation for
flood risk mitigation.”® Lazzarin et al.>! showed in their case study an increase of 85% in expected damage
from 1983 to 2021. Akdim et al.*® and Chen et al.*” stated that the relations in human-natural systems and
factors describing flood risk evolution are multiple and complex.

2.2.3.2 Evolution in the future

Seven studies??46:54>5

analyzed the expected future evolution of risk. The main objective of these studies
was to analyze the impacts of climate-, socio-economic-, and land-use change on flood risk for different
spatiotemporal scales. The evolution of risk was analyzed by a combination of data selection-, statistical-,
index-, and/or model-based approaches. In contrast to the studies that analyzed evolution in the past,
scenario-based simulations and statistical techniques were used to project and predict future changes in
flood risk related factors.

Future hazard related factors were selected from available datasets,* modified through modeled land-use

change scenarios***

and/or modeled with a hydrodynamic model while integrating climate change and/ot
flood protection scenarios.****> Data for index-based hazard evolution analysis were, for example,
precipitation time series (maximum three-day precipitation and number of days with daily rainfall above
50mm) and catchment characteristics (digital elevation model, slope, topographic wetness index, distance
to tiver and runoff coefficient).**** In these examples, the runoff coefficient as indicator for hazard
evolution was modified according to the new land-use types. Outputs from hydrological-, and hydraulic
modeling (e.g. flood duration, flood depth, flood extent) were modified as indicators (e.g. in Chyon®) or
used to calculate statistics (e.g. changes in flood frequency and magnitude)* and impacts (e.g. expected
annual damage).*>> Indicators for exposure and vulnerability evolution analysis were, for example, the total
population per unit area and total general budget revenue per unit area. In this example*, the changes in
population and general budget revenue per unit area were spatialized with a multiple regression model. The
results were combined with a weighted average method to work out flood risk maps for each year under
each scenario (e.g. Liu et al.*?). Steinhausen et al.*® used several methods to calculate population, GDP and
wealth-to-income ratio for exposure evolution analysis. Vulnerability evolution was integrated by private
precautionary measures, previous flood experience, building footprint area and building type.** Tesselaar et
al.® utilized population growth as input for exposure evolution analysis and depth-damage curves for
vulnerability analysis.

The results showed an increase or decrease in flood risk depending on the time, region, and selected
scenarios. Overall, future climate change will lead to an increase in flood risk but the dominant driver is
socioeconomic change (e.g. Steinhausen et al.*®). For example, Liu et al.*? stated that an increase comes
mainly with removed vegetative surface, raw lands replaced by impervious area, and increased exposure with

46

urban growth. Zuo et al."® detected as well an increase in size and proportion of high flood risk areas, with

population density and gross domestic product density as the most important drivers. Another driver of

55

increasing flood risk, analyzed by Tesselaar et al.>, is the offset of dis-amenities of floods by insurances.

A stabilized flood risk was detected through a balance between socio-economic development and
ecological protection measures.*>*3 Additionally, Steinhausen et al.* stated that improved private
precautionary measures would reduce flood risk on average by 15%. Without these measures, fluvial flood
risk can increase seven-, to ten-fold until the end of the century.*®

14
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2.2.3.3 Evolution from past to future

The studies analyzing risk under past and future conditions compared different periods to identify and
estimate risk evolution. The focus was on quantifying risk in terms of expected annual damage to buildings
and/or attributing risk changes to single drivers (climate change, land-use change, change in building
values). 10474856

The approach selected for the analyses of flood risk evolution under historic and future conditions was a
combination of data selection, model-, index-, and scenario-based analyses. Climate, hydrological, and
hydraulic models were used to estimate damage and risk. For the quantification of flood hazard, discharge
measurements and discharge projections provided the input for inundation modeling. Hazard probabilities
were calculated with extreme value statistics of observed and predicted discharge data. To analyze the impact
of climate change on hazard, climate change scenarios based on the IPCC emissions scenarios were used.™
Nguyen et al.*® calculated a flood hazard index by integrating flood depth, velocity and susceptibility from
a machine learning and hydrodynamic model to create a flood hazard map. Exposure was quantified by

48,56

analyzing land-use data from satellite images,'® land-use maps, and land parcel information.*” Future

projections of land-use change were analyzed with the Land Use Scanner model and based on the IPCC

emissions scenario.®*® Additionally, Nguyen et al.*®

integrated population density, poverty level, number of
women, number of schools, and agricultural area as indicators from statistical offices for the analysis of
exposure and vulnerability evolution. Future changes in population density and vulnerability indicators were
collected from planning reports.”® In the other studies, structural vulnerability is tepresented by stage-

10,56

damage functions'®*® or depth-damage fragility curves*’ as relation between inundation height, land-use and

building values. Changes in building values were considered by using time-adjusted reconstruction costs™

and published price indices.*” Additionally, Poussin et al.>®

integrated risk mitigation factors into the stage-
damage functions to analyze the effects of adaptation strategies on the damage and risk. Finally, different
scenarios with related damage calculations were compared to detect the most relevant drivers of flood risk
change. Nguyen et al.** combined flood hazard, exposure, and vulnerability indicators with GIS

methodologies to construct flood risk maps and evaluate changes in flood risk areas.

The results showed that climate change, land-use change, and asset value developments affect flood risk
in varying degrees. Almost all studies concluded that climate variations have an important impact on changes
in flood risk but they were not the dominant driver, at least for the time period under study.'®*”*® Exposure
evolution in form of land-use change was increasing under several scenarios and stated as the dominant
driver.2247%6 The asset value developments appeared to be a minor driver of flood risk evolution.® The
results of the overall risk estimations showed varying increasing/decreasing rates of the flood risk
(represented by the expected annual damage) depending on the analyzed years (intervals) and scenatios. For
example, Elmer et al.’ analyzed in their maximum land-use scenario a decrease of 30% in risk from 1990-
2020 while considering effective building values. Whereas Feng et al.’ stated that the risk raised by 30%
from 2001-2011 due to a combination of socioeconomic developments and climate conditions. Poussin et
al.*® suggested that land-use and climate changes might increase annual flood risk by up to 185% by 2030

8 concluded

compared with 2000. With a focus on assessing and comparing flood risk areas, Nguyen et al
that areas with high and very high flood hazard, exposure, vulnerability, and risk increased, while areas of
low risk decreased due to a combination of climate change, land use change, population growth, and socio-

economic growth.

2.2.4 Hazard, Exposure evolution

A large proportion of studies (18 of 111) analyzed flood risk evolution only with evolving factors describing
the hazard and exposure component. Nevertheless, in some studies, the vulnerability component was
integrated as a constant variable over time to calculate flood risk.
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2.2.4.1 Evolution in the past

As stated in the previous chapter, the most common denominator of studies analyzing past risk evolution
was the identification of past conditions of the flooding system to learn about the evolution and compare
different risk situations. Even though this chapter deals with studies that do not considered an evolution in
vulnerability, they had the same common denominator. The detailed objectives were not the same, as the
studies had varying research foci. In detail, they examined factors that play an important role in flood

60626475 and detected changes in factors describing the hazard and exposure component.®® Further,

dynamics
one study aimed to analyze and link changes in floodplain population dynamics with flood-related
variables.®* Four studies focused on studying the evolution in flood risk, including hazard, exposure, and
vulnerability (constant), how it has been affected by different changes and on detecting the main drivers of

flood risk evolution.>1363:65

The approaches selected to analyze historic conditions of factors to determine past risk evolution were
qualitative and/or quantitative data analyses, as well as index-based-, and/or model-based analyses. A
compatison with obsetved flood events and/or discharge data served to evaluate which precipitation events
caused a flood event and whether they showed a statistically significant change.®”** Further, with this
analysis, it was analyzed whether flood events were explainable through changes in climate or if other
reasons wete responsible for changed impacts of flood events. Land-use/ cover analysis was used to
examine changes in land surface and correlated change in runoff processes.®® In addition, the studies looked
at the historical evolution of land-use in terms of urban area to detect changes in exposure due to urban
sprawl.#®¢ A more detailed study of exposure evolution in form of dynamics in floodplain population was
conducted by Akhter et al.®* By analyzing floodplain population growth rate and the proportion of
floodplain population compared with flood-related variables, they analyzed the impact of floods on

dynamics in floodplain population.®*

The index-based study” calculated an urbanization and flood risk index to evaluate the impact of
urbanization on two flood events. Data for hazard analysis were the inundation area, flood depth and
discharge of these flood events. Data for exposure analysis was the urban area. The urbanization index was
calculated as percentage of the urban area from the total study area. Finally, flood risk was analyzed with an
average flood depth index and an urban submergence index.

Modeling studies analyzed the evolution in single risk components and then combined the results into a
risk analysis. Data for hazard analysis were precipitation data as input for rainfall-runoff modeling to
calculate various flood-related variables (discharge, water level)®, observed discharge data to statistically
analyze trends® and derived hydrographs to simulate floods.'® The hydrographs were scaled to various peak
discharges and delineated to a certain occurrence probability.** Further, flood-related variables (inundation

extents and flow depths) were modeled with a hydrodynamic model.*®

Data for exposure analysis were land-
use maps to evaluate the expansion of urban and residential area in a flood-prone area.” Further, population
data were an important element for exposure analysis to analyze the number of people living in flood-prone
areas.” In a more general study of exposure, changes in land-use categories were analyzed through satellite
image classification and overlaid with a certain flood extent.% Finally, hazard and exposure analyses were
combined into a risk evolution calculation to gain basic information for flood risk management and to

determine which drivers were responsible for flood risk evolution.**3

Factors describing climate-, land-use-, and population dynamics were the most important to analyze risk
evolution. Nevertheless, the results of the studies showed that the evolution of these factors was highly
variable depending on the selected location (e.g. Po river (Italy), Lujan river (Buenos Aires), metropolitan
area of Barcelona (Spain), rural central Gonja district (Ghana)). For example, Abass et al.,®® Cortés et al.,®®
Domeneghetti et al.’ and Flores et al.%° stated that they found no evidence that past floods were climate
change-induced because of a lack of significant changes in precipitation or discharge time series. Andrade
& Scarpati® and Faccini et al.,** however, stated that risk increased due to changes in precipitation patterns.
The effects of changes in land-use and population growth on flood risk evolution also varied between
studies. Domeneghetti et al.? showed that flood risk (expected damage) doubled since 1954, mainly due to
settlement growth.
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The review of the papers revealed that the dynamics in the flooding system cannot just be ascribed to the
evolution of one single driving factor. For example, Akhter et al.%! stated that even if they detected a
correlation between population dynamics and the influence of structural and non-structural measures, these
dynamics cannot only be attributed to mitigation measures. Zischg et al.'® showed moreover that the
construction of levees, and the effect of unintended river incision, decreased flood risk whereas settlement
growth increased flood risk.

2.2.4.2 Evolution in the future

Studies analyzing future flood risk evolution focused on the analysis of impacts from climate change, urban
development and/or management strategies on hazard and/or exposure evolution.”*’* Some studies
quantified risk evolution in terms of calculating damage resulting from changes in the flooding system.®®
7073 Therefore, the main objective of these studies was to analyze changes in the hazard and exposure
component under future scenarios and combine these evolutions into a risk evolution analysis.

The approach selected for analyses of future risk evolution due to changes in climate, socio-economic
development and risk management strategies was scenario-based modeling. Hazard evolution was analyzed
with climate, hydrological and hydraulic models. The impact of climate change on hazard evolution was
integrated in the analyses either through a change in precipitation depending on global climate models

(GCMs) and representative concentration pathways (RCP) scenarios,® %74

an increase in peak discharge of
30%7" or a 10% addition to the flood hydrographs.®® In addition, one study analyzed the impact of land-use
change and land subsidence on flood hazard evolution using a combined RCP and shared socio-economic
pathway (SSP) scenario® and one study analyzed the impact of planned flood protection measures on flood
hazard.®® Finally, changes in flooded areas and water depths were modeled for the hazard evolution analyses.
For example, future exposure maps (settlement areas) were generated in terms of future demand in land-
use (population forecast and household size trend) and the location of new settlement areas under a current
trend and a dense urban development scenario.”® Eder et al.%®® based the projections of settlement
development areas on information from policy documents and land-use plans. Another approach to predict
future land-use change was the analysis of two previous land-use maps as input for a transition model to
predict future land-use.”” On a coarser level, the SSP scenarios were used to develop future exposure data
(e.g. GDP and population).”* The vulnerability component of risk was integrated as a constant variable for
risk calculations. Finally, the risk evolution was calculated with the combination of inundation depths from
the hazard evolution analyses, exposure from the exposure evolution analyses and related stage-, or depth-
damage functions.

Results showed that hazard and exposure parameters will increase or decrease®®”® depending on the

1.7 stated that in a wet climate

selected scenarios and combination of scenarios. For example, Beckers et a
scenario the peak discharge would increase by 30% for the time horizon 2071-2100 while a dry climate
scenario will lead to a slight decrease in the peak discharge. The degree to which climate change and land-
use change will influence the risk evolution depends also on the selected scenarios.”® For example, Kefi et
al.”® found that the potential damage will increase in one catchment due to climate change and in another

the main driver of change in potential damage is the change in built-up areas.

Overall, depending on the region, the analysis of direct damage under future scenarios showed an increase
by 80% and 212%, respectively.”® Beckers et al.”® calculated for a wet climate scenario a relative increase in
flood damage of 630% in 2100 with a 3-8 times higher influence of climate than the effect of land use

change. Januriyadi et al.,®

in turn, found that future climate change and urban development will lead to an
increase in flood risk (expected annual damage costs) by 322% to 402% by 2050. In contrast, Eder et al.%®
showed that the potential damage to buildings and land could decrease by up to 75% under future scenarios

(flood protection measures, settlement development, and climate change).

2.2.4.3 Evolution from past to future

Only one study compared past and future conditions of a flooding system to analyze flood risk evolution.
The objective of this study was to analyze the damage of a past flood event under a future urban

development scenatio.”?
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The approach selected for this analysis was a combination of observed data collection from an occurred
flood event in past, a hydraulic model to reconstruct the flood event, a stochastic land-use/ cover change
model to project urban development scenarios and a damage assessment model. Data for hazard analysis
were precipitation inputs, hydrological inflows, drainage control structures, cross sections of channels and
a digital elevation model. The future urban development scenario was used as input in the hydraulic model
(affecting the hazard evolution) as well as in the damage assessment model (affecting the exposure
evolution). Vulnerability, as structural vulnerability, was integrated as constant variable with associated
depth-damage curves for residential and commercial properties.

They concluded that flood damage can increase significantly due to urban growth (up to 800%), with an

impact on the hazard as well as the exposure component of risk.”? This is an example of a driver of change
that influences two risk components, namely hazard and exposure.

2.2.5 Hazard, Vulnerability evolution

A very-small proportion of studies (5 of 111) analyzed flood risk evolution with evolving factors only
describing the hazard and vulnerability component.

2.2.5.1 Evolution in the past

Past evolution of flood risk with changes in factors describing the hazard and vulnerability components was
examined by two studies.”®®° The aim of these studies was to analyze spatiotemporal flood risk evolution
and investigate drivers of flood risk evolution.

The studies used an index-based approach. Pan et al.®

used indicators describing the four influencing
variables of hazard-causing factors (e.g. flood frequency), community vulnerability (e.g. proportion of
population aged), protection works (e.g. plant cover), and systemic governance (e.g. proactive prevention).
In contrast, Chandole et al.”® used spatially explicit criteria to calculate flood hazard (e.g. average annual
rainfall, NDVI, distance from river, elevation) and flood vulnerability indicator (e.g. agricultural production,

land use/ land cover).

Pan et al.® revealed that hazard related indicators had the largest weight and influence on flood risk.
Chandole et al.”® stated that the high and very high risk areas increased, and the very low and moderate risk
areas decreased from the Base scenario (before 2002) to the Advance scenario (after 2002).

2.2.5.2 Evolution in the future

Future evolution of risk with changes in factors describing the hazard and vulnerability components was
examined by two studies.”””® The aim of these studies was to analyze the impacts of urbanization, socio-
economic development, land-use-, and/or climate change on future flood risk.

Future flood risk was analyzed through scenario-based modeling and index-based analyses. Chen et al.””

selected indices for the hazard and vulnerability component and modified a selection of indices with
modeled scenarios. For the hazard component these were maximum 1-day rainfall amount, number of heavy
rainfall days above 25mm, areas in low-lying area, type of slope, runoff depth and distance to river.”’ The
digital elevation model, slope, and distance to river were kept as constant variables. Therefore, hazard
evolution was analyzed by modifying precipitation data with regional climate models (RCMs) under selected
RCP scenatios and by modifying the runoff depth under future urbanization scenarios from an urban
growth model.”” Indices selected for the vulnerability component wete the gross domestic product density
and the population density.”” Vulnerability evolution was analyzed by modifying these two indices according
to selected SSP scenarios.”’ Finally, the hazard and vulnerability indicators were aggregated in a risk index
through weighting and displayed as flood risk on maps.”” In contrast, Kittikhun et al.”® analyzed hazard
evolution with modeled land-use change according to actual and planned land-use and integrating these
changes into a rainfall-runoff model to model flood hydrographs and inundation areas. The vulnerability
evolution was analyzed with the flood risk index composed of sub-indices describing exposure, susceptibility
and resilience and modified with results from the modeled land-use changes.”® Finally, both results were

combined to compare the flood risk index results under actual and planned land-use.”
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The results showed that flood risk will increase in most parts of the studied area with differences between
the selected climate/development scenarios.”’” Kittikhun et al.”® concluded that flood risk will increase if no
land-use planning aimed at risk reduction is applied.

2.2.5.3 Evolution from past to future

One study analyzed the comparison of past and future flood risk with evolving hazard and vulnerability
component. It aimed at analyzing the risk situation before and after the completion of four major river

restoration projects.”®

The risk in the past and the future was analyzed by using an index-based approach. The index combined
eight indicators describing the hazard component and ten indicators describing the socioeconomic
vulnerability component.”® Past hazard was described with historical precipitation data and future hazard
was analyzed with future climate change simulation data.” The evolution of socio-economic vulnerability
was analyzed with changes to six indicators.”” In addition, an expert-based weighting of indicators was
applied.”™

The results showed that the risk index increased after the river restoration project and would increase due
to climate change.”® The study concluded that the risk reduction due to river restoration will be leveled off

where floods are expected to increase due to climate changes.”

2.2.6  Exposure, Vulnerability evolution

One study analyzed flood risk evolution with evolving factors describing the exposure and vulnerability
component. The hazard component was integrated as a constant variable over time.

2.2.6.1 Evolution in the past

The objective of this study was to quantify potentially exposed populations and investigate the relationship
between poverty and flood exposure.®!

They used Geographical Information System (GIS) tools and remote sensing data to map populations
affected by floods (exposure) and calculated a poverty index (vulnerability). While taking population and
poverty values of different years, they assessed the evolution in exposure and vulnerability.

The results showed an increase in exposed people on a national scale but a decrease on a regional scale.
The poverty index decreased over the years. Further, the results confirmed the relationship between floods,
exposure and poverty.

2.2.7 Hazard evolution

A large proportion of studies (43 of 111) analyzed evolving factors describing the hazard component. In
some studies, the exposute and/or vulnerability component was integrated as a constant vatiable over time
to calculate flood risk.

2.2.7.1 Evolution in the past

Hazard evolution in the past is mainly analyzed out of an interest in reasons for changed hazard-related
factors (flood magnitude, flood extent, water depth, etc.). The main objectives were to detect changes in the
flooding system to examine their impacts on hazard-related factors and processes. The main drivers were
climate trends, land-use change and morphological changes. In comparison to the studies presented eatlier,
the level of detail is higher in the studies analyzing only the evolution in one of three risk components.

The approaches selected to detect changes in hazard-related factors from changes in the flooding system
were the same as in the risk analyses studies and consisted of (statistical) data analyses, modeling and/or
index analyses. (Statistical) data analyses were used to detect trends in observed and/or modeled
precipitation, temperature, discharge and/or flood data and make them clearly visible.384869397.118 yap et
al.”” used a variety of environmental proxy reconstructions to examine how climatic and land-use changes
affected floods. The main drivers of changes in hazard-related factors®® and their correlations® were

assessed by statistical models.
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In addition, statistical approaches were used to predict the evolution of magnitude and frequency of flood
events.3389091% Flood-related variables with different settings were simulated with modeling approaches
to evaluate the impact of climate-, land-use-, or morphological change on hazard evolution. To this end,
observed or experimental climate, land-use/cover and morphological data were integrated into the models
and several model runs were conducted under various settings to analyze the impact on flood-related
variables 8278488909L95,119 Tnformation about land-use/cover change was integrated into the simulation
models by means of land-use maps for representing different time periods.””#>%® The analyzed land-
use/cover categories vary across studies. For example, Aich et al.®* analyzed the changes in crop, pasture,
savannah, water and rock land-use cover. Dixon et al.® and Sokolova et al.** analyzed the impact of changes
in forests, and Slater & Villarini®® used the harvested acreage of corn and soybean to represent agricultural
practices. Ronéék et al.?® used an experimental approach to analyze the impact of land-use/cover change on
flood hazard. To do this, they created land-use scenarios and integrated these scenarios in a rainfall-runoff
model.*°

Channel or catchment morphological changes were also integrated in the hazard evolution analyses. For
example, Asinya & Alam®?* modeled and analyzed the effect of various synthetic channel morphological
conditions (river width, bed elevation, etc.) on flood-related variables (flood inundation, flood frequency).

Dixon et al.3*

analyzed the effect of engineered logjams on channel morphology and thus flood-related
variables (flood discharge). A detailed analysis of connections between longitudinal variability in river
conveyance, flows, sediment connectivity and flood changes was conducted by Sofia & Nikolopoulos.” Mei

1.89

et al.*” used an index-based approach with constant exposure and vulnerability indices. Therefore, the

change in flood risk was obtained only with changing hazard indices (changing rainfall regimes).?’ Dutal et
al.’? used an index-based approach to identify flood hazard zones in two different years. With the overlay
of flood hazard maps and two land-use maps, they revealed the effects of urbanization on flood hazard
zones.”? Hung et al.¥” applied a machine learning and remote sensing approach to assess continuous

inundation susceptibility and the effects of climate change.

The results showed that climate-, land-use/cover-, river channel morphology change and river restoration
projects were important drivers. Nevertheless, the drivers of detected changes were a mix of factors and the
determination of causes of changes is highly complex due to the interaction between factors intervening in

flood processes.?*%?

2.2.7.2 Evolution in the future

The main objective of future hazard evolution analyses was to examine the impact of climate change
scenarios on flood-related variables and processes, as well as analyzing uncertainties. Yet three studies
analyzed the impact of future land-use change scenarios on hazard evolution.

The relevant approaches were (statistical) data analyses, scenatio-based modeling and/or index-based
analysis. The focus of these studies was on using future climate projections from global and RCMs under
RCPs as input for hydrological and hydraulic modeling. The generated flow time series were used to analyze
changes. For example, Kay & Jones'®, Lu et al.’%, Meresa et al.’” and Wang et al.'** extracted the annual
maxima from the flow time series to detect changes in flood frequency. In addition, they built land-use
change and urban development scenarios based on past observations as well as future plans from
municipalities and/or assumptions of socio-economic developments and then integrated them in
hydrological and hydraulic modeling.*°%1°1041%8 Savers et al.'*! generated flood events under climate change
and used a statistical empirical copula to generate a large number of unseen events to calculate future fluvial
flood risk. Park et al.!® used four indicators (precipitation data) to analyze the impact of climate change on
flood hazard without hydrological or hydraulic modeling. Du et al.’% analyzed the trend in future extreme
precipitation events under climate change with intensity-area-duration methodology. Yosti et al.'*® used a
deep learning approach to predict future flood risk under climate change.

Results showed that future climate change will contribute to an increase in flood-related variables and
proxies (e.g. extreme runoff, flood magnitude, inundation extent),!0#106:107.109- 112115123 Neevertheless, as
stated by Kay & Jones'®, Liu et al.'®, Ryu & Kim'*°, and Wang et al.***, changes in discharge and flood
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frequency and magnitude varied in spatial distribution and statistical significance depending on catchment
and selected RCMs. Additionally, Kay & Jones'®® and Liu et al.’® stated that the results are associated with
several uncertainties and hydrological changes are often non-linear. While analyzing urban growth, land-use
and climate change scenarios, and integrating these scenarios in hydrological and hydraulic models, drivers
of change in flood-related variables were tested.’91%1%% Results showed that determining and modeling
future changes and analyzing their impacts on hazard evolution provides useful information for flood risk
management.'%1% The analysis of the impact of urbanization under three land-use policy scenarios on flood

inundation indicated that unrestricted urbanization will lead to an increase in inundated land.*%®

2.2.7.3 Evolution from past to future

Hazard evolution analysis in past and future was conducted by four studies. They aimed to analyze the
impact of land-use change and/or climate change on hazard evolution. Radojevic et al.'?4, Smits et al.*?® and
Yu and Jung'! analyzed flood risk evolution in the past and future with changes in the hazard component

1 117

and constant exposure and/or vulnerability. Tripathi et al.**’ analyzed and compared the impact of future

climate change and urban development on a past flood event.

The hazard evolution was analyzed with statistical methods and hydrological /hydraulic modeling or index-
based analysis. Statistical tests were used to analyze the evolution of flood frequency and severity in the
past.’** Changes in flood regimes were analyzed by integrating land-use data from different periods into the
models.®* Tripathi et al.''” integrated climate change (increase in precipitation) and urban development
(increase in impervious surface) into a hydrological model to analyze the impact on the peak flow of a past

121

flood event. Smits et al.’*® and Yu and Jung® utilized modified precipitation indicators under different

climate change scenarios to assess flood hazard evolution.

Results indicated that land-use change from peri-urban development had a different effect on flood
regimes depending on the selected spatial scale of analysis.’®* By comparing the outcomes of a past flood
event with future conditions, Tripathi et al.''” detected that an increase in urban areas will lead to a higher
impact of the flooding. In addition, the longer inundation time and higher peak flow will lead to higher
damage.'” Results of the index-based analyses showed different increasing and decreasing hazard (risk)
areas with a high spatial variability.”***! They concluded that the analyses of risk areas and cause analysis

of flood risks served a useful tool for decision makers to find strategies for climate change adaptation.'2%2!

2.2.8 Exposure evolution

A very-small proportion of studies (5 of 111) analyzed evolving factors describing the exposure component
of flood risk. In some studies, the hazard and/or vulnerability component was integrated as a constant
variable over time to calculate flood risk.

2.2.8.1 Evolution in the past

The main objectives of these studies was to analyze the long-term historic development of settlements and

population in terms of flood exposure.'?>126:128

Exposure evolution was examined by (statistical) data analysis. The spatial data of settlement areas were
overlapped with measures such as distance to flooding zones, extent of floodplain and topographic variables
to analyze exposure evolution.'?8 In addition to settlement data for exposure analysis, Ramiaramanana &
Teller'? used demographic data to analyze the evolution in number of inhabitants. Combining the
percentage of population and built-up areas in flood prone areas served to detect socio-economic drivers
and challenges.'? Abdelkareem and Mansour!? used Remote Sensing analysis to detect changes in
vegetation and infrastructure.

The results showed that exposure strongly increased in the past. Frith-Miiller et al.1?8 stated that the total
built-up area within the flooding zone of the studied area increased almost fivefold. Ramiaramanana &
Teller'?> also found that over the selected time period the built-up area increased yearly by 6.1%.
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2.2.8.2 Evolution in the future

Exposure evolution in future was analyzed by Hemmati et al.'”” and Chen et al.*® The aim of Hemmati et

al.”"was to analyze the interaction between urbanization and flood risk to enhance the knowledge about

1 129

non-structural mitigation measures. The main objective of Chen et al."” was to analyze the effect of

economic change on flash flood risk.

An urban growth-, hazard-, risk analysis- and policy implementation model was used to examine flood risk
under various urban development scenatios.’?” While keeping the hazard and vulnerability component
constant, the exposure component in terms of urban growth evolved over time under several policy
scenatrios. Chen et al.'”®® used a hydrological/ hydrodynamic model for hazard assessment, asset value
spatialization for exposure analysis and a flash flood damage model for risk assessment. Five economic
scenarios from the shared socioeconomic pathways (SSPs) were used to calculate exposure evolution.

Results showed that exposed people and assets might increase under current urban development plans,
but that considering non-structural strategies can mitigate the consequences of floods.?” Chen et al.’® stated
that the flash flood risk under economic change will increase by the end of the century by around 90%
depending on the scenario selection.

2.2.9  Vulnerability evolution

A very-small proportion of studies (7 of 111) analyzed evolving factors describing the vulnerability
component of flood risk.

2.2.9.1 Evolution in the past

Vulnerability evolution analysis varied between studies depending on the selected conceptualization. The
studies assigned to this category mainly aim for a quantitative analysis of impacts of land-use change,
socioeconomic evolution and/or disaster risk management on the vulnerability evolution.

Vulnerability evolution was mostly analyzed by evaluating the exposure (elements at risk) and the
susceptibility of the elements at risk. Therefore, data of exposure and susceptibility were evaluated and
combined with data-, index-, and model-based analysis to examine vulnerability evolution. Data and indices
selected to analyze vulnerability evolution are built-up area, building-use type, population living per building,
population density, regional GDP and land-use type/categories in compatison with historical flood data.

Past vulnerability evolution is uncertain and complex.’* The results showed an increasing or decreasing
trend depending on local characteristics and the assessed periods.?**13313413¢ For example, Yang et al.'*?
concluded in their case study that human and economic vulnerability was steadily declining from 2000 to

2020. Lv et al."° stated that reasons for changing vulnerability in the past were an increase in building land,
inflation and mismatch between urban growth and mitigation measures.

2.2.9.2 Evolution in the future
The aim of Gultom et al.’®? was to analyze vulnerability in present and future to determine the evolution of
vulnerability or resilience.

To this aim, they analyzed the evacuation route efficiency by using space syntax methods and sheltering
capacity determined by data and simple equations. The calculation was repeated with projected population
data to predict future changes.

The analysis and comparison of flood vulnerability showed an increase in resilience due to the
implementation of a ring road having a positive effect on the evacuation routes.
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2.3 From flood risk evolution to flood risk monitoring

The analyzed studies presented great variety and diversity in the approaches. This hampers comparability,
but the review allows drawing conclusions on flood risk monitoring and distilling the principles of risk
monitoring.

As seen from the previous chapters, flood risk evolves through a combination of dynamically changing
factors in the flooding system. These factors, represented by data or proxy data that change over time,
quantify the evolution of the risk components, hazard, exposure, and vulnerability analyses. The
combination of the changing risk components in a risk analysis allows analyzing flood risk evolution.

The presented publications analyzed flood risk evolution by repeating flood risk analysis in regular (e.g. 1-

1057 or for selected years of interest.**’ In general, all spatial scales are represented, from

or 10-year) periods
very small-scale studies,” to catchment-wide,’ and national® studies. The selection of periods and spatial
scales depends on the risk factors assumed as changing dynamically over space and time, on the availability

and resolution of data, and on methodology.

Flood risk evolution analyses, integrating the evolution of hazard, exposure and vulnerability, use
comparative (statistical) data-, index-, model-, and scenario-based analysis approaches. These approaches
are used either as stand-alone risk calculation methods or in combination. Comparative (statistical) data
analyses are useful to detect the diversity of changing factors in a flooding system.?® Nevertheless, changing
variables can only be analyzed for the past and the quality is determined by the amount of data that is
available at comparable levels of accuracy over a long period. The quantification of flood risk according to
the narrow definition of this term is missing in data-and index-based approaches. Index-based analyses are
useful to compare risk between spatial units and to identify risk-hotspots.**” Repeated surveys of the risk
index can prove the effectiveness of risk management strategies.*® Nevertheless, although the parameter
selection is flexible, the results are method-dependent and not transferable to other regions. Hence,
comparability of flood risk evolution over several regions is limited. Furthermore, risk is quantified on an
aggregated level of a region and detailed statements about local impacts of flood hazards on exposure and
vulnerability are not possible with index-based approaches. With model-based analyses, flood hazard
evolution can be quantified, and exposure and vulnerability can be derived from the simulations and
geospatial overlay analyses. The outcomes of model-based risk evolution studies are comparable across
regions. Model-based analyses allow analyzing the effects of change in an individual risk factor (e.g.,
settlement growth) on the overall risk evolution, as well as analyzing the combined effects of all changing
risk factors. The studies that consider the change of more than one risk component show that the evolution
of the risk factors can have self-reinforcing (cumulative) effects on overall risk evolution or even cancel
each other out and keep overall risk nearly constant. Only a model-based approach allows for disentangling
the individual effects of changing risk factors on the overall risk evolution and thus to identify the most
relevant driver of change in a flooding system. A disadvantage of model-based analyses are the amount and
resolution of data and computational power needed. Scenario-based analyses can enhance risk evolution
analyses by integrating possible influences of climate and socio-economic changes.

The repeated analyses of risk in the past allow the detection of flood risk evolution (Figure 2-2). Further,
they enable the detection of drivers of change and the system dynamics leading to an increase or decrease
of risk. In addition, the analyses of past risk evolution enable the detection of events and management
strategies that had or will have (delayed) effects on the risk system. While analyzing past evolution, it is
possible to ascertain past developments leading to limitations for future evolutions (legacy effect).
Nevertheless, to evaluate risk evolution in the past, difficulties arise with data availability, data completeness,
data accuracy, and scales over periods. Consequently, the comparability of the risk analysis outcomes over
multiple periods is not always given and the availability bias must be taken into account. In addition, the risk
analyses are prone to uncertainties from the climatic/hydrological/hydraulic analyses as well as from
exposure and vulnerability analyses.!38
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Figure 2-2. Illustration of past risk evolution.
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The analyses of future risk evolution allow identifying possible drivers of change and pathways of risk
evolution (Figure 2-3). Future risk prediction enables the detection of critical thresholds that are important
for adaptive flood risk management. However, future estimations of hazard, exposure and vulnerability are
based on scenarios and are therefore prone to uncertainties.!? It is therefore crucial to monitor, which of
the underlying scenarios are becoming effective. Depending on the spatiotemporal scale of the case study,
the risk increases or decreases due to different explanations. For example, Elmer et al.!” detected a decrease
in risk for residential buildings from the years 1990-2000 that can be attributed to changes in flood hazard,
and an increase in risk for residential buildings from the years 2000-2020 due to changes in exposure (urban

sprawl).
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i ; g e components (H=Hazard, E=Exposure,
t '__-‘_‘ V"=V ulnerability) in the future can be analyzed
H __._/-_/_/ = — o using several future scenarios. As in the past,
. . Cw \“—'_ . the possible risk evolution can be projected
R i @ N i @ ﬁ_‘_/ while analyzing risk for several time steps.
P § Q ‘_g i § i Comparing the periods reveals trends in risk
E — 8O~ O evolution.
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2.4 Flood risk monitoring

Although the review focused on flood risk evolution, the conclusions can be generalized and are valid for
monitoring risk evolution from other natural hazards as well. The use and interpretation of the term
monitoring varies between disciplines. The IPCC defines monitoring as “systematically identifying,
characterizing and assessing progress over time”.* However, monitoring tools mainly observe the hazard
and provide information on early warning?” or observe global and national patterns of disaster losses and
impacts.> The monitoring approaches listed above capture only parts of the overall risk. However, risk
results from the interactions between the risk components (H, E, V), consequently, risk itself cannot be
monitored directly. Additionally, risk monitoring cannot be done by just monitoring a single data stream; it
requires the combination of data and proxy data of the evolving risk factors and thus methods such as data
mining, data modeling, data analyses, and data combination.

In conclusion, we define the term “risk monitoring” as the systematic detection of risk evolution by
periodically (re)evaluating the factors influencing the risk components hazard, exposure and vulnerability,
modeling the risk components and combining them to quantify risk.

The most important component of a monitoring is the risk analysis framework (Figure 2-4). It describes
how risk is quantified and how the risk factors describing the three risk components hazard, exposure, and
vulnerability are determined. These factors need to be integrated in a model framework to calculate the three
risk components. Modeling the risk factors is needed if the evolution of risk factors must be derived from
proxy data that can be monitored quantitatively. After modeling and combination of data that represent the
risk factors, risk can be analyzed and evaluated.

Figure 2-4. Principles of risk analysis. Several

Risk anaIySIS monitored factors are used to model each of the

m risk  components (H=Hazard, E=Exposure,
| V=V ulnerability). 'The risk components are

combined to quantify risk (K).

v2

By repeated risk analysis, risk values can be compared over time and trends detected (Figure 2-5). After
at least two repeated quantitative risk analyses, a risk monitoring reveals an additional dimension in risk
analysis. It shows if risks in a certain place are increasing or decreasing. The trend can be quantified in a rate
of change. This in turn allows estimating the period in which a certain risk threshold will be reached and
when risk will not be societally acceptable anymore and risk mitigation measures are required. This informs
decision-making in adaptive risk management in addition to knowing the current state of risks. Risk
monitoring is a monitoring approach independent of the selected time step length between different time
steps (e.g. every year or every ten years). This contrasts with other monitoring setups where selected state-
describing variables are being monitored continuously (e.g. discharge). While risk monitoring is made on
discrete time steps, monitoring changes in the risk components can in principle be a continuous monitoring
of data streams.
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Risk monitoring
Risk analysis t=t; Risk analysis t=t,

H1,
H2,
E1,
E2,
V1,
V2,

R

Figure 2-5. Principles of risk monitoring. Systematic detection of risk evolution (AR) by periodically (t=to,
t=t1) measuring the factors influencing the risk components hazard (H), exposure (E) and vulnerability
(1), modeling the risk components and combining them to quantify risk.

2.4.1  Opportunities and Challenges

To elaborate flood risk monitoring, it is necessary to determine what risk monitoring can or should be used
for. Essential objectives of flood risk monitoring are (a) to gain a better understanding of flood risk
evolution, (b) to identify spatiotemporal variations of flood risk evolution, (c) to maintain the safety level of
flood risk management, and d) to detect possible drivers that lead to an increase or decrease in flood risk.
This allows detecting legacy effects, rebound effects, time delays, and the effects of the implementation of
flood risk management strategies. Following on from the target setting, it must be defined which actors will
use the results for which target group and for which kind of decision-making. It must be defined in the
beginning whether the risk is analyzed qualitatively, semi-quantitatively, or quantitatively. A strict
quantification of risk evolution is possible only with model-based approaches. The objective and purpose
of risk monitoring also determine the selection of data or factors to be examined.

This review summarizes the data and factors that change and can be monitored to analyze the evolution
of risk. Hence, the review points out examples for the variability of potential risk monitoring setups and
provides a starting point for the selection of methods and factors to be considered in the design of a risk
monitoring concept.

The comparability of data over a long time period is one of the most important challenges. Once a risk
monitoring concept is drafted, it must be guaranteed that the necessary data for periodically repeated risk
analysis are continuously updated and expected to be available for the next decades. In addition, several
sources of uncertainty exist in the risk analyses in general and, consequently, in risk monitoring as well.
Examples are the definition of hazard scenarios, the process of modeling (input data, calibration etc.), the
data quality, as well as uncertainties in the vulnerability analysis. The data availability is closely linked with
the objectives of the risk monitoring. Given the diverse approaches to analyzing risk, the combination of
approaches can serve to evaluate the spatiotemporal evolution of risk. Depending on the objective, varying
levels of detail are necessary and useful. Another important aspect is the spatial delineation of the system.
Different spatial reference systems must be used and combined, such as political units, hydrological
catchments, or raster cells. While the risk components hazard and exposure are mostly used in a similar
meaning across the reviewed publications, we found great diversity in the use and definition of the term
“yulnerability”. How the evolution of this risk component is implemented in a risk monitoring concept
must be carefully evaluated.
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2.5 Conclusion

In this study, flood risk evolution analysis studies were systematically reviewed. The review shows that there
is no one size fits all applicable risk monitoring strategy. However, there is a variety of studies which analyzed
flood risk evolution in the past and for the future and which served as a basis to elaborate principles of a
flood risk monitoring. Further, the results of the review can help further researchers to find appropriate
methodology and factors to analyze flood risk evolution and/or set up a national/regional or local flood
risk monitoring concept.

The detailed monitoring of factors describing the risk components allows disentangling important changes
in risk components that lead to an increase or decrease in risk. This disentangling means that management
measures can be implemented specifically to address the main drivers of change.

Further research is needed in holistic risk analyses, including dynamics in hazard, exposure and
vulnerability. The focus should be on a complex systems perspective to analyze non-linearity, interactions
between and co-evolution in risk components, and feedback mechanisms.’ In addition, further research
and implementation of monitoring studies is necessary for enabling adaptive flood risk management. The
focus should be on data mining, validation, warranty of consistency and modeling frameworks.
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Abstract

The spatiotemporal evolution of flood risk is a challenge for flood risk management. Climate change, land-
use change, human intervention, and socio-economic development lead to dynamics in the main risk
components - hazard, exposure, and vulnerability. These dynamics require continuous adaptation of risk
management strategies to ensure the safety level of humans and their assets in the long term. To enable
adaptive flood risk management, it is necessary to monitor the risk evolution. Risk monitoring provides a
better understanding of the risk evolution, identifies spatiotemporal differences, and detects location-
specific drivers of change. However, flood risk monitoring concepts and their application are lacking. In
this study, we evaluate the application of flood risk monitoring using a national case study (Switzerland)
with data collected over a time period of 10 years. The continuously updated hazard maps, the number of
houses in potentially endangered areas and the degree of damage are used to quantify the evolution of flood
risk in terms of potential damage to buildings. The results show varying annual evolution of the flood risk
in Switzerland and in different administrative units, the spatial variability of the flood risk evolution, and the
variability in the evolution of the flood risk components. Between 2014 and 2023, the total flood risk in
Switzerland increased by 26%, the hazard area increased by 32% and the exposure by 35%. The
disentangling of risk factors allows a better understanding of important drivers that increase or decrease
risk. However, data availability and consistency are challenges for flood risk monitoring.

Keywords: Flood risk evolution, flood risk management, global change adaptation, natural hazards,
exposure, vulnerability, systematic risk analysis, quantitative risk analysis
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3.1 Introduction

3.1 Infroduction

Floods are the most frequently occurring natural hazards, having an increasing impact on societies around
the globe.! From 2013 to 2022, insured flood losses increased around 30% compared to the previous
decade.! Flood risk management is an important factor and contributes to the prevention of an ever-
increasing trend of flood losses. A comprehensive flood risk management aims to reduce risk, manage
residual risk and prevent new risks.? Flood risk is defined as “a function of the probability of a flood event
or scenario and its related extent of damage”.? Therefore, an integral part of flood risk management is the
analysis of hazard (frequency and magnitude of floods), exposure (population and assets in flood-prone
areas), and vulnerability (susceptibility of the exposed elements) to quantify risk.2+6 However, with climate
change, land-use change, human interventions and socio-economic developments, flood risk and its
components change or evolve in space and time.”!0 Thus, flood risk management is confronted with an
ever-changing system, uncertainties in the evolution of risk and increased complexity.!-13 These challenges
call for new strategies in flood risk management, moving away from a very static perspective of flood risk
to one that takes into account changes in flood risk.>'4!> Adaptive flood risk management is a strategy for
global change adaptation and for confronting uncertainties in the planning process.*!%!7 To enable adaptive
flood risk management and to meet the objective of sustainable decision-making in flood risk management,
the sound understanding, assessment and monitoring of flood risk evolution is essential.2?

At the global level, the Sendai Framework for Disaster Risk Reduction!® provides concrete actions for
disaster risk management. The need to better understand, assess and monitor flood risk and to strengthen
the mechanisms to achieve these objectives is addressed in Priorities 1 and 2.'®* However, monitoring tools
developed in accordance with Priority 4 of the Sendai Framework address mainly the observation of hazard
or disaster losses and impacts but not changing risks.'® In Europe, the EU Floods Directive (FD) for
European Member states!'® provides planning steps for flood risk management that have to be repeated,
reviewed, and, if necessary, updated every six years to reduce the impact of floods. However, updating the
flood risk assessment according to the FD aims to improve risk reduction and not to monitor risk evolution.
The comparability of flood risk related to the sequence updates is difficult due to changes in the
methodologies for assessing flood risk.2-22 Recommendations and examples to set up a flood risk
monitoring concept serving a proactive and adaptive flood risk management are still missing,.

In the last decades, flood risk analysis studies focused increasingly on the analysis of the evolution of flood
risk, hazard, exposute, and/or vulnerability for either past or futute or as a compatison of past, present and
future periods.!-?3 Rindsfiiser et al.>* showed in their review that studies analyzing pluvial and fluvial flood
risk at local or regional scales deepen the understanding of flood risk evolution by repeating flood risk
analyses for selected points in time and spatial scales. For example, Chen et al.?> analyzed the risk evolution
for southern China in the past with an index-based approach. They selected several indicators describing
the hazard, exposure, and vulnerability component of risk and applied the combination of entropy weight
and TOPSIS to assess flood risk evolution.?> The results demonstrate intra-annual variation and temporal-
spatial distribution of flood risk.?> In contrast, Elmer et al.?¢ analyzed the risk evolution for the lower part
of the Mulde River basin from past to future with a flood risk chain from climate influence on meteorology
over hydrological and hydraulic modelling to damage and risk estimations. They analyzed the development
of potential damage over time and transferred this damage to risk estimates. Additionally, Elmer et al.?6 were
able to analyze the drivers that cause the change of flood risk and quantify the contributions of these drivers.
These two examples show that the selected methodologies and results vary between studies depending on
the objectives of the study and availability of data.2* Thus, flood risk evolution studies give a basis to
elaborate principles for a monitoring but a “one size fits all applicable risk monitoring strategy” does not
exist.2* The principles for monitoring flood risk evolution outlined in Rindsflser et al.24 are the repeated
flood risk analyses consisting of the systematically measuring of factors influencing hazard, exposure, and
vulnerability, modelling the risk components and combining them to quantify risk. Thus, the main
components of flood risk monitoring are data mining, data modelling, data combination, and data analyses.?*

Considering the current and upcoming challenges due to global change for adaptive flood risk management
and the limited scientific fundamentals for risk evolution and risk monitoring, this study aims to proof a
flood risk monitoring concept in Switzerland and deduce new insights to further develop risk evolution
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analysis and monitoring for adaptive risk management. The flood risk monitoring concept follows the main
principles of flood risk monitoring outlined in Rindsfser et al.2* and consists of data mining, data modelling,
data combination and data analyses. Several studies (summarized in Zischg?) developed model experiments
to analyze flood risk change in Switzerland and serve as a basis for the flood risk monitoring concept. For
example, Rothlisberger et al.?” selected (proxy-) data on risk components and developed models on a
national scale to quantify building values for flood risk analysis. Roéthlisberger et al.?® analyzed
spatiotemporal aspects of flood exposure in Switzerland. The flood risk monitoring concept is applied in a
retrospective analysis for the ten-year period between 2014 and 2023. Therefore, we focus on the following
research questions:

e How can flood risk analysis be set up to systematically quantify flood risk in administrative units
across Switzerland over a specific period to detect flood risk evolution and enable effective flood
risk monitoring?

e Which insights can be deduced for risk management from a systematic analysis of the annual flood
risk evolution in Switzerland, including spatially differentiated flood risk evolution and the
variability in the evolution of flood risk components?

e  What are the challenges and limitations in applying the monitoring concept, and what are the key
lessons learnt for the further development of risk monitoring for adaptive flood risk management?

3.2 Data and Methods

The flood risk monitoring concept consists of 1) the selection of factors and data for the risk analysis that
is available in the past and in the future, 2) the determination of the methodology to calculate and analyze
each risk component, 3) the determination of the methodology to combine the data to calculate and analyze
risk, 4) the repetition of the analysis steps for each year and 5) the comparison of the annual data to analyze
hazard, exposure and potential damage evolution (Figure 3-1).

1 Selection of Hazard (H): Exposure (E): Vulnerability:
factors hazard maps building footprints degree of loss
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and analysis ﬁ) 0032 |
Combination Building values Degree of loss Potential
3 and risk per land use % per hazard E damage (PD)
calculation category (ﬁs zone ﬁ per hazard zone
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SomxT

5 Analyze H
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Figure 3-1. Flood risk monitoring concept presented in the main five steps for this study.
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3.2 Data and Methods

The flood risk monitoring concept was applied in a retrospective analysis on administrative units of
Switzerland (national, cantonal and municipal scale) between 2014 and 2023 and evaluated based on the
following main criteria:

e consistency of data over the selected period and spatial scale

e resolution of data

e feasibility to analyze risk on an annual temporal resolution in the past
e possibility to quantify risk with the selected data and methods

e possibility to analyze each risk component separately

The following sections desctibe the data and methods selected for the quantification of hazard, exposure,
vulnerability and flood risk evolution, and the visualization approach.

3.2.1 Quantification of hazard evolution

We used the official hazard maps of Switzerland to gain information about flood endangered areas. In
Switzerland, the elaboration of hazard maps for populated areas is obligatory since 1991.2 As of 2021, the
hazard maps are completed for 97% of the populated area.’® Flood hazard maps identify the possible flood
hazard as a combination of intensity and probability of an event (see Appendix 13 for the assessment matrix
to identify hazard levels in Switzerland) and assign each combination to one distinct hazard class: high (red),
medium (blue), low (yellow), residual (yellow-white striped) and no hazard (white).?831.32 The differentiation
of weak and medium intensity is at 0.5m (water depth) or 0.5m/s? (water depth x velocity) and at 2m or
2m/s? for the differentiation between medium and high intensity.283233 The probability is divided into return
periods of 300 (slight), 100 (medium) and 30 (high) years.283233 The map is produced on municipal and
cantonal level. The development of the hazard maps is in accordance with the Swiss flood protection
guidelines through numerical flood modelling, historical event analysis and expert assessment guidelines.3-
3 Fluvial flooding is the main type of flood considered for the hazard maps. However, depending on
cantonal regulations, pluvial flooding is also included in the elaboration process. As a final product, hazard
maps consist of digitized polygons for each hazard class (residual, low, medium, high) that represent the
corresponding hazard zones. The hazard maps are updated either after a flood event, the implementation
of flood risk management measures, before/after the implementation of spatial planning measures (e.g. new
building zones) or (at the latest) periodically every 10-15 years. In this study, we focus on the low (yellow),
medium (blue), and high (red) hazard classes.

We have harmonized, geometrically adjusted and merged the hazard maps of Switzerland and compiled
them in a geodatabase every year between 2014 and 2023, resulting in an annually updated dataset of all
hazard maps. However, this does not necessarily mean that all municipalities have changed their hazard
maps from one year to the next. The hazard maps are updated on an irregular basis according to the above
mentioned criteria. On average, the hazard zone areas were changed three times per municipality between
2014 and 2023. In one year, on average 34% (median 40%) of the municipalities in Switzerland made
changes to their hazard zone areas compared to the previous year. From 2018 to 2019, only 9% of the
municipalities have changed their hazard zone areas whereas from 2019 to 2020 53% have changed their
hazard zone areas. If the hazard map of a municipality did not changed in a subsequent year, it is considered
that the hazard remained unchanged. The area of the hazard zones (low, medium, high [m?]) was used as a
proxy to calculate hazard evolution. For the aggregation of hazard zone areas on municipal and cantonal
scale, the hazard maps were intersected with the boundaries of the spatial units (municipalities, cantons) and
related to the respective ID of each spatial unit. After this step, the sums of the hazard zone areas were
calculated according to the respective ID of each spatial unit and each year between 2014 and 2023. In total,
2’152 municipalities were analyzed of which 562 (26%) had no hazard map in 2014 (i.e. total hazard zone
area equals zero). Therefore, the hazard zone areas were calculated twice for the national aggregation. The
first calculation summed-up the hazard zone areas for each year from each municipality. The second
calculation excluded municipalities (562 of 2’152) where no hazard map was available in 2014 (i.e. total
hazard zone area equals zero). This adjustment has been made to avoid the effect of increasing hazard due
to newly elaborated hazard maps after 2014.
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3.2.2 Quantification of exposure evolution

The aim of this step is to analyze all exposed buildings located in Switzerland. Buildings are defined as
exposed when they are located in either the low (yellow), medium (blue), or high (red) hazard zone of the
hazard map. The building datasets of Switzerland were collected between 2014 and 2023 in an annual
updated version from the Topographic Landscape Model (TLM). The TLM provides polygons of all
building footprints including their exact location.’¢ We noticed that the building footprints (and therefore
also exposure and potential damage) changed from year to year, even though the buildings did not change.
In the product details provided by the Federal Office of Topography (swisstopo), we found that the TLM
was improved during the first years of our analysis and a comprehensive 3D-building model was established
by the end of 2017. New methods for drawing finer contours have been introduced as part of these
improvements. To avoid falsification in exposute-, and potential damage evolution analysis due to data
improvements, we adjusted the building datasets. For this purpose, we used the building dataset of 2023 as
a base layer and made a retrospective adjustment of the building datasets of the years 2014-2022 with an
intersection of the building footprints. For example, the building footprints of 2023 replaced the building
footprints of 2014 if they intersect. If they did not intersect, the new building footprints of 2023 were
removed and the building footprints of 2014 were kept for the 2014 building dataset.

After the data correction, the evolution of exposure, i.e., the number of exposed buildings per hazard zone,
was calculated by overlaying the homogenized building footprint layers with the appropriate hazard map for
each spatial reference unit (municipalities, cantons) and year from 2014 to 2023. As described in the previous
section, 2’152 municipalities were analyzed of which 562 (26%) had no hazard map in 2014 (i.e. total hazard
zone area equals zero). For these 562 municipalities, a comparison of exposed buildings from 2014 to 2023
was not possible due to a lack of data. For the national aggregation, the exposure was calculated twice to
avoid the effect of increasing exposure due to newly elaborated hazard maps after 2014. The first calculation
summed-up the exposed buildings for each year from each municipality. The second calculation excluded
municipalities (562 of 2’152) where no hazard map was available in 2014 (i.e. total hazard zone area equals
Z€ro).

Additionally, the building values for each building in Switzerland were calculated by multiplying the
building surface area (m?) with an average monetary value per unit area of land use category (CHF/m?)
taken from the study by Réthlisberger et al.?7. To this aim, the buildings of 2014 were intersected with the
building zone polygon (BZP) layer of 2012, the buildings of 2015-2019 were intersected with the BZP layer
of 2017, and the buildings of 2020-2023 were intersected with the BZP layer of 2022. Finally, the building
values were calculated for each year with the new building dataset, i.e. new surface area, intersected with
new building zone polygons but the same average monetary value per unit area of land use category. The
costs were not adjusted for inflation.

3.2.3 Quantification of vulnerability

In this study, we focus on the physical vulnerability defined as “the degree of loss resulting from the hazard
impact on buildings”.373% The degree of loss is expressed on a scale of zero (no loss) to one (total loss). The
degree of loss per hazard zone in Switzerland was calculated based on flood loss claims from documented
flood events spanning up to 34 years (1979-2013) from 13 cantonal insurance companies, including insured
building values and amount of loss.?* The ratio between the monetary damage and the building value is
calculated for each claim, which corresponds to the vulnerability per claim. To calculate the degree of loss
per hazard zone, the buildings with a known vulnerability were overlaid with a hazard map.3 The degree of
loss is 0.018 for the low (yellow) hazard zone, 0.028 for the medium (blue) hazard zone, and 0.032 for the
high (red) hazard zone. The restoration value of each building was multiplied with the degree of loss to
calculate the potential damage across all scenarios synthesized in the hazard maps. Due to a lack of data, the
degree of loss values, and therefore, the vulnerability was kept constant for this study.
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3.2.4 Quantification of risk evolution

Flood risk evolution is analyzed by calculating the potential damage per hazard zone for each spatial unit
(municipal, cantonal, national scale) and each year between 2014 and 2023. The potential damage is taken
as a proxy because the hazard maps of Switzerland (see section 3.2.1) give a mixed identification of
probability and intensity. For example, the blue hazard zone indicates areas with high probability (30 year
return period) and medium intensity but as well areas with medium probability (100 year return period) and
medium intensity. Therefore, risk in terms of the probability of a loss within a certain time period,’ cannot
be calculated based on the information provided by the hazard maps.

The potential damage for each building was calculated by multiplying the building value with the degree
of loss (see section 3.2.3) depending on the hazard zone in which the building is located. For the evolution
of potential damage in space and time, the potential damage for a certain spatial unit (municipal, cantonal,
national scale) and hazard zone (low, medium, high) were aggregated for each year. Therefore, the risk
evolution is the result of a change in hazard and exposure with constant vulnerability. As described in the
previous section, 2’152 municipalities were analyzed of which 562 (26%) had no hazard map in 2014 (i.e.
total hazard zone area equals zero). For these 562 municipalities, a comparison of potential damage from
2014 to 2023 was not possible due to a lack of data. For the national aggregation, the potential damage was
calculated twice to avoid the effect of increasing potential damage due to newly elaborated hazard maps
after 2014. The first calculation summed-up the potential damage for each year from each municipality. The
second calculation excluded municipalities (562 of 2’152) where no hazard map was available in 2014 (i.c.
total hazard zone area equals zero).

3.2.5 Visualization of hazard, exposure and potential damage evolution

For visualizing the evolution curves of hazard, exposure, and potential damage, the absolute numbers for
each hazard class and spatial unit (municipal, cantonal, national scale) between 2015 and 2023 were
converted into values of percentage change in comparison with the baseline year 2014 (see section 3.1).

The spatial differences in the evolution of hazard, exposure, and potential damage were mapped on the
municipal scale between 2014 and 2023 without considering the values of the years in between. For this
purpose, we divided the values of each hazard class and municipality into categories based on percentage
change between 2014 and 2023. Municipalities were chosen as the mapping unit because hazard maps are
produced at the municipal level (see section 3.2).

The variability in the evolution of risk components per municipality was evaluated by taking the values and
categories from the spatial difference analysis (see section 3.2). After the classification, we calculated the
number of municipalities showing a certain increase in hazard and exposure, a decrease in hazard and
exposure or an increase in hazard and a decrease in exposure or vice-versa (see section 3.3). We did the
same for the combination of hazard and potential damage and the combination of exposure and potential
damage for each hazard zone (see Appendix 11 and Appendix 12).
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3.3 Results

The results from the application of the flood risk monitoring concept are presented in three sub-sections.
The first section (3.3.1) describes the annual flood risk evolution between 2014 and 2023 in Switzerland.
The second section (3.3.2) describes the spatial differentiated flood risk evolution between 2014 and 2023
on a municipal scale. The third section (3.3.3) describes the variability in the evolution of risk components
per municipality.

3.3.1 Annual flood risk evolution in Switzerland

The annual evolution of flood risk is presented for the risk components (H, E) and the potential damage
(PD) representing risk. The focus is on national scale evolution, supplemented with regional examples
(canton of Bern and municipality Burgdorf). The canton of Bern was chosen as an example because all
municipalities in the canton already had a hazard map in 2014. The municipality Burgdorf in the canton of
Bern was selected as an example because of local knowledge from previous studies.*> The absolute and
relative values underlying the graphs of Figure 3-2, Figure 3-3 and Figure 3-4 are in the Appendix 1-
Appendix 9.

In the following paragraphs, we focus for the national scale evolution on the values calculated with the
updated hazard maps only (i.e. aggregation across 1’590 of 2’152 municipalities) (Figure 3-2, solid lines).
The values in brackets indicate the percentage change values calculated across all municipalities (including
values from the 562 municipalities that elaborated a first hazard map after 2014) (Figure 3-2, dashed lines).
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Figure 3-2. Flood risk evolution in Switzerland. Panel a) shows the hazard evolution. Panel b) shows the
exposure evolution. Panel ¢) shows the potential damage evolution. Dashed lines indicate the total evolution
(sum of all municipalities). Solid lines indicate the total evolution without the municipalities that had no
hazard map in 2014. Yellow lines indicate the evolution in the low (yellow) hazard zone. Blue lines indicate
the evolution in the medium (blue) hazard zone. Red lines indicate the evolution in the high (red) hazard
zone.
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Figure 3-3. Flood risk evolution in the canton of Bern. Panel a) shows the hazard evolution. Panel b) shows
the exposure evolution. Panel ¢) shows the potential damage evolution. Yellow lines indicate the evolution
in the low (yellow) hazard zone. Blue lines indicate the evolution in the medium (blue) hazard zone. Red
lines indicate the evolution in the high (red) hazard zone.
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Figure 3-4. Flood risk evolution in the municipality Burgdorf. Panel a) shows the hazard evolution. Panel
b) shows the exposure evolution. Panel ¢) shows the potential damage evolution. Yellow lines indicate the
evolution in the low (yellow) hazard zone. Blue lines indicate the evolution in the medium (blue) hazard
zone. Red lines indicate the evolution in the high (red) hazard zone.

3.3.1.1 Hazard evolution

Between 2014 and 2023, the total hazard map area (including high (red), medium (blue), low (yellow),
residual, and no hazard zone) of Switzerland increased by around 21% if we consider only those
municipalities with an existing hazard map in 2014 and 41% if we consider all municipalities. There was a
small decrease of 5% (4%) between 2016 and 2017 and a 5% (8%) decrease between 2021 and 2023.

The share of the low (yellow), medium (blue) and high (red) hazard zone area of the total hazard map area
(including residual and no hazard level) is around 20%. Over the last ten years, the share of the low, medium
and high hazard zone area from the total hazard area fluctuated and even decreased by around 4% between
2017 and 2021. The area of the low, medium and high hazard zone increased by around 17% (32%) between
2014 and 2023, with an increase of 13% (26%) occurring between 2014 and 2016. The low hazard zone is
the largest (~8%), followed by the medium hazard zone (~7%) and the high hazard zone (4%). In
comparison with the total hazard map area evolution, the sum of low, medium and high hazard zone areas
increased less and more constantly.

Between 2014 and 2023, the low hazard zone increased by around 20% (35%), the medium hazard zone
by around 20% (38%) and the high hazard zone by around 7% (18%) (Figure 3-2a). Since 2017, the medium
hazard zone increased more than the low hazard zone compared with the respective hazard zone in 2014.
The high hazard zone area decreased by around 11% (11%) between the year 2016 and 2017. The decrease
in the high hazard zone, the increase in the medium hazard zone and the stability in the total area of the
low, medium and high hazard zones indicates rezoning, most likely due to implemented flood risk
management measures. In the last two years (2022, 2023), it seems that the peak of increasing hazard zone
areas is reached.

In the canton of Bern, the low hazard zone increased by around 18%, the medium hazard zone by around
21% and the high hazard zone by around 7% between 2014 and 2023 (Figure 3-3a). These values are in
line with the evolution over Switzetland (Figure 3-2a). However, the shape of the cantonal evolution curve
differs from the national curve. Overall, the evolution curve on cantonal scale fluctuates more than on
national scale. The low hazard zone evolution is a little more distinctive to the one over Switzerland. The
shape of the medium hazard zone evolution differs significantly compared to that one observed for
Switzerland. The maximum peak of increase occurred earlier, and between 2019 and 2021, the medium
hazard zone decreased, while there was an overall increase across Switzerland. In the high hazard zone, the
strongest difference occurred between 2016 and 2017. While the high hazard zone decreased across
Switzerland during this period, it increased in the canton of Bern.

The example of the municipality Burgdorf shows a different shape of the hazard evolution curve (Figure
3-4a). Between 2014 and 2023, the low hazard zone decreased by around 2%, the medium hazard zone by
around 6% and the high hazard zone by around 2%. This evolution stands in contrast with the overall
evolution in Switzerland and the canton of Bern. The evolution curve shows slight differences between
2014 and 2019, the main decrease between 2019 and 2020, and slight differences between 2020 and 2023.
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3.3.1.2 Exposure evolution

Between 2014 and 2021, the total number of buildings in the hazard map area (including high (red), medium
(blue), low (yellow), residual and no hazard zone) increased by around 37% if we consider only those
municipalities with an existing hazard map in 2014 and 63% if we consider all municipalities. There was a
small decrease of 4% (1%) between 2016 and 2017, and another decrease between 2021 and 2023 by around
4% (8%). The decrease between 2016 and 2017 is in line with the hazard map evolution.

The share of exposed buildings in the low (yellow), medium (blue) and high (red) hazard zone of the total
number of buildings within the hazard map perimeter is around 19%. Between 2014 and 2023, the sum of
exposed buildings in the low, medium and high hazard zone increased by around 22% (35%). On average,
around 10% of all analyzed buildings are in the low hazard zone, around 6% in the medium hazard zone
and 1% in the high hazard zone.

Between 2014 and 2023, the number of exposed buildings in the low hazard zone increased by around
26% (40%), in the medium hazard zone by 18% (31%) and in the high hazard zone by 7% (15%) (Figure
3-2b). Whereas the number of exposed buildings in the low hazard zone constantly increased over the last
ten years, the number of exposed buildings in the medium hazard zone increased until 2016 and then shows
only small fluctuations or even stagnates since 2017. The number of exposed buildings in the high hazard
zone increased by around 16% (24%) until 2018 and decreased by around 9% (9%) until 2023 (Figure
3-2b). In comparison with the hazard evolution, the evolution curves of exposure are different. For example,
in the high hazard zone area a decrease is detected between 2016 and 2017 and the number of exposed
buildings further increased between 2016 and 2018. Whereas the high hazard zone area increased again
between 2017 and 2022 (Figure 3-2a), the evolution of exposed buildings is mostly negative (Figure 3-2b).

In the canton of Bern, the exposed buildings in the low hazard zone increased by around 15%, in the
medium hazard zone by around 2% and decreased by around 7% between 2014 and 2023 (Figure 3-3b).
Between 2019 and 2021, a decrease in the medium (7%) and high hazard (8%) zone is detected, whereas
exposure increased in the low hazard zone (5%). In comparison with the hazard evolution, there are two
major findings in the evolution of exposure in the medium and the high hazard zone. Firstly, even though
the medium hazard zone area increased by around 21% until 2019 (Figure 3-3a), the number of exposed
buildings increased only by around 7%. Secondly, there is an increase of the high hazard zone area but a
decrease of the number of exposed buildings. Compared to the exposure evolution of Switzerland (Figure
3-2b), the exposure evolution curve in the low hazard zone shows almost the same shape, whereas the
medium and high zones show a different shape. In particular, the exposure evolution in the high hazard
zone between 2019 and 2023 (Figure 3-3b) shows a decreasing evolution as well as a decrease compared
to the year 2014, while the exposure evolution in the high hazard zone shows a decteasing evolution but
still an increase compared to the year 2014.

In Burgdorf, the number of exposed buildings increased around 6% in the low hazard zone and 1% in the
medium hazard zone between 2014 and 2023 (Figure 3-4b). In the same period, the number of exposed
buildings in the high hazard zone decreased 43% with the main decrease between 2019 and 2020. Compared
to the hazard evolution (Figure 3-4a), the exposure evolution in Burgdorf shows more changes. Especially,
the number of exposed buildings in the high hazard zone slightly increased between 2016 and 2017 whereas
no hazard evolution is detected. Furthermore, the evolution curve of the exposed buildings in the high
hazard zone shows a significant decrease between 2019 and 2020 of around 50%. However, it is important
to keep in mind that small absolute changes with a small population have a great impact on the percentage
evolution on municipal scale. Compared to the evolution of Switzerland, the evolution curves of exposure
are very different in Burgdorf.
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3.3.1.3 Risk evolution

The potential damage is calculated for the low (yellow), medium (blue) and high (red) hazard zone. Between
2014 and 2023, the sum of potential damage in all three hazard zones increased by 14% if we consider only
those municipalities with an existing hazard map in 2014 and 26% if we consider all municipalities. The
share of potential damage in the low hazard zone increased from 42% to 45% of the sum in low, medium
and high hazard zone. The share of potential damage in the medium hazard zone decreased from 46% to
44%, and the share of potential damage in the high hazard zone decreased from 12% to 11 % of the overall
sum in low, medium and high hazard zone.

Between 2014 and 2023, the potential damage in the low hazard zone increased by around 21% (34%)
between 2014 and 2023 (Figure 3-2c). The potential damage in the medium hazard zone increased by 9%
(21%). After an increase of 12% (21%) in the high hazard zone between 2014 and 2018, the potential damage
decreased by 8% (8%) between 2018 and 2021. Since 2021, the potential damage in the high hazard zone
increased again by 1% (1%). Compared to 2014, the potential damage increased by 5% in the high hazard
zone. An interesting evolution occurred between 2017 and 2018, when the potential damage in the high
hazard zone increased more than in the medium hazard zone. The evolution of the potential damage is in
line with the exposure evolution (Figure 3-2b).

In the canton of Bern, the potential damage evolution shows almost no changes between 2014 and 2019
(Figure 3-3c). Between 2019 and 2021, the potential damage evolution in the low hazard zone increased by
around 12%, and decreased by 15% in the medium hazard zone. Since 2021, the potential damage in the
medium hazard zone increased again by around 2%. The potential damage in the high hazard zone decreased
by around 6% between 2019 and 2020 and increased again by around 2% between 2020 and 2023. The
potential damage evolution in the canton of Bern is in line with the exposure evolution (Figure 3-3b).
Nevertheless, the exposure evolution between 2014 and 2019 is not seen in the evolution curve of potential
damage. The evolution of potential damage is different compared to the evolution over Switzerland (Figure
3-2c). Whereas the potential damage, for example, in the low hazard zone over Switzetland constantly
increased between 2014 and 2023, the potential damage in the low hazard zone in the canton of Bern had
nearly no changes between 2014 and 2019 and suddenly increased by 12% between 2019 and 2021.

In Burgdorf, the potential damage in the low, medium and high hazard zone shows only very small changes
between 2014 and 2019 (Figure 3-4c). After 2018, the potential damage in the low hazard zone fluctuates
around 0% with an overall increase of 2% until 2023. The potential damage in the medium hazard zone
decreased by 3% between 2019 and 2023. The greatest change occurred in the high hazard zone, where the
potential damage decreased by 66% between 2019 and 2020. This evolution is also in line with the hazard
and exposure evolution in Burgdorf (Figure 3-4a,b). Interestingly, the potential damage in the medium
hazard zone is lower in 2020 compared to 2014, even though the exposure increased slightly between 2014
and 2020. Compared to the evolution over Switzerland (Figure 3-2c) and the canton of Bern (Figure 3-3c),
the evolution curve of the potential damage evolution is very different.

3.3.2 Spatial variability of flood risk evolution in Switzerland

In addition to the analysis of annual flood risk evolution (evolution curves in section 3.1), the flood risk
evolution was mapped and analyzed on a municipal scale over Switzerland to detect the spatial variability in
flood risk evolution on a high resolution (Figure 3-6, Figure 3-7). In this section, the percentage change
of the values in 2023 compared to that in 2014 was investigated instead of analyzing each year as in section
3.3.1. The objective was to analyze and visualize the differences in the evolution (increase or decrease) at
the smallest administrative level.
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3.3.2.1 Hazard evolution

Between 2014 and 2023, the low (yellow) and medium (blue) hazard zone increased by around 20%, and
the high (red) hazard zone increased by around 7%, calculated and aggregated on the national scale
considering the municipalities that had already a hazard map in 2014 (1’590 of 2152 (Figure 3-6a-c (values
in right lower corner), Appendix 10). Even though the hazard zone area in the low, medium and high hazard
zone increased on national scale between 2014 and 2023, on average 26% of the municipalities indicate a
decrease in hazard evolution (see Figure 3-6a-c for the spatial pattern (municipalities in blue color) and
Figure 3-7a-c for the absolute values of municipalities in the respective evolution category).

In the low hazard zone, 25% of the analyzed municipalities show a decrease in hazard evolution, 4% show
no changes, 37% show an increase and 35% have no values for comparison (Figure 3-6a, Figure 3-7a). In
the medium hazard zone, 31% of the analyzed municipalities show a decrease in hazard evolution, 3% show
no changes, 31% show an increase and 34% have no values for comparison (Figure 3-6b, Figure 3-7b). In
the high hazard zone, 22% of the analyzed municipalities indicate a decrease in hazard evolution, 7% show
no changes, 31% show an increase and 41% have no values for comparison (Figure 3-6¢, Figure 3-7c). In
general, apart from the municipalities with no values for comparison, most of the municipalities counted
for the hazard evolution analysis are in the 0-25% increase or decrease category (Figure 3-6a-c, Figure
3-7a-c) indicate no clear spatial pattern for the single hazard zones. However, when comparing the evolution
of the different hazard zones, it is seen that the low, medium and high hazard zones have changed differently
per municipality (Figure 3-6a-c)
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Figure 3-5. Map of hazard, exposure and potential damage evolution on municipal scale. Panels a) to ¢) show the hazard evolution, panels d) to f) show
the exposure evolution and panels g) to i) the potential damage evolution. Blue municipalities indicate a decrease from 2014 to 2023. Red municipalities
indicate an increase from 2014 to 2023. The municipalities in grey have no reference value in 2014 to calculate percentage change. The relative numbers
on the right bottom of panel a) to i) are the percentage evolution from 2014 to 2023, summarized across all municipalities (absolute numbers are in
Appendix A, S.10). The color of the frames indicate the low (yellow), medium (blue) and high (red) hazard zone.
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Figure 3-6. Count of municipalities with a certain hazard, exposure, potential damage evolution. Panels a) to ¢) show the hazard evolution, panels d) to f)
show the exposure evolution and panels g) to i) the potential damage evolution. Blue boxes indicate the count of municipalities showing a decrease in hazard,
exposure, and potential damage evolution. Red boxes indicate the count of municipalities showing an increase in hazard, exposure, and potential damage
evolution. Grey boxes indicate the municipalities that have no reference value in 2014. The color of the frames indicate the yellow (low), blue (medium) and
red (high) hazard zone.
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3.3 Results

3.3.2.2 Exposure evolution

Between 2014 and 2023, the number of exposed buildings in the low (yellow) hazard zone increased by
around 26%, in the medium (blue) hazard zone by around 18%, and in the high (red) hazard zone by around
7%, calculated and aggregated on the national scale considering the municipalities that had already a hazard
map in 2014 (1°590 of 2°152) (Figure 3-6d-f (values in right lower corner), Appendix 10). Even though the
number of exposed buildings in the low, medium and high hazard zone increased between 2014 and 2023,
on average 13% of the municipalities indicate a decrease in exposure evolution (see Figure 3-6d-f for the
spatial pattern (municipalities in blue color) and Figure 3-7d-f for the absolute numbers of municipalities
in the respective evolution category). However, compared to the percentage of municipalities indicating a
decrease in hazard evolution (26%), only half of the municipalities indicate a decrease in exposure evolution
(13%). Additionally, more municipalities lacked a hazard map in 2014, leaving no reference value to calculate
percentage change.

In the low hazard zone, 11% of the analyzed municipalities show a decrease in the number of exposed
buildings, 5% show no changes, 45% show an increase and 39% have no values for comparison (Figure
3-6d, Figure 3-7d). In the medium hazard zone, 15% of the analyzed municipalities indicate a decrease in
the number of exposed buildings, 7% show no changes, 38% show an increase and 40% have no values for
comparison (Figure 3-6e, Figure 3-7e). In the high hazard zone, 13% of the analyzed municipalities show
a decrease in the number of exposed buildings, 12% show no changes, 18% show an increase and 57% have
no values for comparison (Figure 3-6f, Figure 3-7f). Most of the municipalities with a reference value in
2014 are in the category of 0-25% increase in exposure in the low and medium hazard zone, whereas in the
high hazard zone most of the municipalities have no change in exposure. As with the hazard evolution
maps, the exposure evolution maps indicate different changes in the low, medium and high hazard zones
per municipality.

3.3.2.3 Risk evolution

Between 2014 and 2023, the potential damage in the low (yellow) hazard zone increased by around 21%, in
the medium (blue) hazard zone by around 9%, and in the high (red) hazard zone by around 5%, calculated
and aggregated on the national scale considering the municipalities that had already a hazard map in 2014
(1’590 of 2’152 ) (Figure 3-6g-i, (values in right lower corner), Appendix 10). Even though the value of
potential damage in the low, medium and high hazard zone increased between 2014 and 2023, on average
21% of the municipalities indicate a decrease in potential damage evolution (see Figure 3-6d-f for the spatial
pattern (municipalities in blue color) and Figure 3-7d-f for the absolute numbers of municipalities in the
respective evolution category). This average of 21% of municipalities indicating a decrease in potential
damage evolution is less than in the hazard evolution (26%) but more than in the exposure evolution (13%).
Additionally, more municipalities have no values for comparison.

In the low hazard zone, 19% of the analyzed municipalities show a decrease in potential damage, 41%
show an increase and 39% have no values for comparison (Figure 3-6g, Figure 3-7g). In the medium
hazard zone, 24% of the analyzed municipalities show a decrease in potential damage, 0.1% show no
changes, 35% show an increase and 41% have no values for comparison (Figure 3-6h, Figure 3-7h). In
the high hazard zone, 18% of the analyzed municipalities show a decrease in potential damage, 0.2% show
no changes, 22% show an increase and 59% have no values for comparison of potential damage (Figure
3-6i, Figure 3-7i). Beside the municipalities having no values for comparison, most of the municipalities
are in the category of 0-25% increase or decrease (Figure 3-7g-i).

3.3.3  Variability in evolution of flood risk components

The high-resolution analysis of the evolution of single risk components on a municipality scale allows
additional evaluation of the variability in risk components evolution per municipality. As an example, we
illustrate in the manuscript the variability of hazard and exposure evolution per municipality (Figure 3-8).
The evolution of hazard and potential damage, as well as exposure and potential damage is in the Appendix
11 and Appendix 12.

51



3 Flood risk monitoring in Switzerland: proof of concept

0% ><‘% >25-50%

a) ! Exposure gvolution|, ;5. @ a ® ® ‘

® ° 75-100% @ ® [} o ®

@ 50-75% (O @) ° ° ¢}

O 25-50% e} o o o

[} [} 0-259 @) L J L
<75--100% <50-75% <-25.-50% <0.-25% 0% >0-25%  >25-50% >50-75% >75-100%  >100%

T Hazard evolution
@] . 0--25% () o o o Ps
© o O «-25--50% © °
® @ @ [ k-50- -75%

(@] ® 8] (s} <-75--100% &}
b) & E.xposuregvolution >100% @ Ps PY ° ‘

® ©75-100% @ o ° o

>50-75% @ ] ® o le]

25-50% (70) ° ® . °

° [ 0-25% [ ) ° ° ®
<75-100% <50-75% <25-50% <O >50-75%  >75-100%  >100%

Hazard evolution

o ®) . 0--25% @ ° ° o °
° o) o o 25--50% @ ° ° °

] o o O -50--75% ® &)
@ o ® o -75--100% ® ° o °
c) Q(posure gvolution 100% @ ° . & .
(] 75-100% @ ° ° @)
° ° o >50-75% @ ° ° ° @
° ° [ 2550% @) o ° ° °
o . . ‘ >0-25% ‘ o o ° °

<75-;100% <50.75% <25 -50% <<'% 0% >W >2650%  >5075% >75-100% >100%
Hazard evolution

. . . 0--25% @ ° ° °
° O -25--50% @ ° ° o
° ® O -50- -75% @ ° )
° [+) [ ) -75--100% @ ° ° ° o

Figure 3-7. Count of municipalities with hazard (x-axis) and exposure (y-axis) evolution. Panel a), yellow dots
indicate changes in the low (yellow) hazard zone, panel b), blue dots indicate changes in the medium (blue) hazard
zone and panel c), red dots indicate changes in the high (red) hazard zone. For each panel, dots in the first quadrant
count the municipalities with an increase in hazard and exposure, dots in the second quadrant count the
municipalities with a decrease in hazard and increase in exposure, dots in the third quadrant count the
municipalities with a decrease in hazard and exposure, and dots in the fourth quadrant count the municipalities
with an increase in hazard and decrease in exposure. Dots representing more than 50 municipalities are labeled

with the exact number of counts.
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3.4 Discussion

In the low (yellow) hazard zone, most of the municipalities (317 out of 2°152) indicate a 0-25% increase in
hazard and exposure between 2014 and 2023 (Figure 3-8a). In contrast, 231 municipalities show a decrease
of 0%-25% in hazard and an increase of 0%-25% in exposure. The third largest group consists of 88
municipalities indicating a 25-50% increase in hazard and a 0-25% increase in exposure. In total, 62% of the
municipalities show an equal evolution in hazard and exposure, 28% a contrastive evolution and 10% of the
municipalities had no evolution in either hazard or exposure.

In the medium (blue) hazard zone, most of the municipalities (276 out of 2’152) indicate a 0-25% decrease
in hazard and a 0-25% increase in exposure between 2014 and 2023 (Figure 3-8b). In contrast, the second
largest group consists of 183 municipalities indicating a 0-25% increase in hazard and exposure. The third
largest group consists of 89 municipalities with a 0-25% decrease in hazard and exposure. In total, 54% of
the municipalities show an equal evolution in hazard and exposure, 33% show an opposite evolution and
13% of the municipalities show no evolution in either hazard or exposure.

In the high (red) hazard zone, most of the municipalities (105 out of 2’152) indicate a 0-25% increase in
hazard and no change in exposure (Figure 3-8c). The second largest group consists of 93 municipalities
indicating a 0-25% decrease in hazard and no change in exposure. The third largest group consists of 71
municipalities indicating a 0-25% increase in hazard and exposure. In total, 50% of the municipalities show
an equal evolution in hazard and exposure, 24% a contrastive evolution, and 27% had no evolution in either
hazard or exposure.

In all three hazard zones, the scattering in the first and third quarter (equal evolution) is greater than in the
second and fourth (contrastive evolution). This indicates that even if a contrastive evolution exists, the
differences in the categories are not so distinct.

3.4 Discussion

In this study, a flood risk monitoring concept based on the principles of flood risk monitoring? was applied
in a retrospective analysis over the last ten years between 2014 and 2023 in Switzerland. The application
enabled us to prove a monitoring concept based on various criteria (see introduction to section 2) and
deduce new insights to further develop risk evolution analysis and monitoring for adaptive risk management.
In the following section, we discuss the data, methods and results of the evaluation of the hazard, exposure
and risk evolution. Afterwards, we discuss the challenges and lessons learnt from applying and evaluating
the flood risk monitoring concept in Switzerland between 2014 and 2023.

3.4.1 Hazard evolution

Hazard evolution is assessed by calculating the area of each hazard zone and year from the homogenized
hazard maps of Switzerland. Therefore, a change in hazard zone area leads to an increase or decrease of
hazard. The map is produced on municipal and cantonal level and in accordance with the Swiss flood
protection guidelines through numerical flood modelling, historical event analysis and expert assessment
guidelines.?>35 The hazard maps must be updated petiodically after an event and/or after the realization of
flood risk management measures. Thus, an increase in the hazard zone area can appear due to an update of
the hazard map and the associated increase in selected perimeters for the hazard analysis or the integration
of new hazard sources or processes (e.g. surface water floods). Reasons for a decrease in hazard zone areas
are, for example, the implementation of flood protection measures and the associated rezoning (see the
study of Loschner and Nordbeck*' for an overview about the shift towards integrated flood risk
management in Switzerland). On the national scale, the implementation of flood protection measures is
seen in the evolution curve between 2016 and 2017.

Beside the operational reasons for a change in hazard map area, the selected methodology of the flood risk
monitoring concept had an effect on the increase in hazard evolution. The aggregation on the national scale
led to an overestimation of new hazard zone areas because in 2014 not all municipalities had a hazard map.
To avoid the effect of just adding new hazard maps in the following years, we calculated the evolution as
well without the municipalities that had no hazard map in 2014 (see section 3.2.1 and Figure 3-2a). Without
these municipalities, the increase between 2014 and 2016/2017 was not that steep but in comparison with
the following years still remarkable.
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A possible explanation would be the continuous buildup of the hazard maps (new perimeters, new hazard
sources). Thus, the implementation of flood risk monitoring gives the possibility to prove the
implementation of policy recommendations and regulations.

The annual analysis of hazard evolution on different administrative units (national, cantonal and municipal
scale) indicates differences in the hazard evolution curves across spatial scales. Further, the mapping and
spatial analysis on municipal scale allows the detection of spatial differences of percentage changes in hazard.
With the high-resolution data, regions with increasing or decreasing hazard can be identified. For example,
even though the overall hazard increased by around 20% in the low hazard zone, 25% of the municipalities
show a decrease in hazard. We see two possible explanations for the spatial differences: the different
implementation status of the hazard maps and flood risk management strategies and the time lag between
policy regulations and implementation of these regulations.

The hazard maps are valuable data for monitoring the hazard evolution on administrative units in
Switzerland. The proof criteria for the evaluation of the risk monitoring concept (see section 3.2) are partly
tulfilled and partly, the data need additional adjustments to ensure the applicability for flood risk monitoring.
In detail, we conclude that the consistency of the data over the selected period and spatial scale is sufficient
to analyze the hazard evolution. However, as mentioned in the previous sections, some uncertainties remain
in terms of consistency due to new regulations or improvements in hazard mapping. This uncertainty has
already been addressed in previous studies®-?? and requires further efforts at the national level to harmonize
the methodology. The resolution of the hazard maps is adequate for the analysis of the hazard evolution.
As the hazard maps are expensive to produce, the municipalities do not update them annually. This means
that the hazard evolution cannot be determined annually based on the hazard maps at the smallest
administrative units. At the national scale, developments can be determined annually because the
municipalities that have made changes are recorded. Nevertheless, it can be assumed that the hazard maps
are an important dataset for determining the development, as they are adapted when changes occur. This
means that as soon as something changes in the system, the hazard is reassessed. The change is thus
recognized in the monitoring concept.

3.4.2 Exposure evolution

The exposure evolution is assessed by calculating the number of exposed buildings for each year in a certain
hazard zone. Data for the analysis of buildings are from the annual updated topographical landscape model
(TLM) of Switzerland. A change in exposure can appear due to smaller or larger hazard zone areas and less
or new buildings in a certain hazard zone. Similar results for regional different evolutions with increases and
decreases of exposed residential buildings in the three hazard zones were identified for a longer time period
(1919-2014) and aggregate mainly in decade steps by Réthlisberger et al. (20106) for Switzerland and by Fuchs
et al. (2017) for Switzerland and Austria. The example of the evolution curve of the high hazard zone
between 2014 and 2017 in Switzerland shows that the exposure can also increase (Figure 3-2b) even though
the hazard map area decreases (Figure 3-2a). In this case, a detailed analysis of the single drivers on the
municipal scale allows to detect possible reasons for the evolution. A possible explanation could be that the
existing high hazard zones were rezoned due to protection measures but new hazard zones with smaller
areas and additional buildings were aggregated in the analysis for Switzerland.

The mapping and spatial analysis on municipal scale allows for further disentangling the drivers of changes.
For example, in the low hazard zone, the second largest group of municipalities (231) indicates a decrease
in hazard but an increase in exposure. In the medium hazard zone, the largest group of municipalities (2706)
indicates a decrease in hazard but an increase in exposure. This points out that even though the hazard zone
areas decreased, the number of exposed buildings in these hazard zones increased. Meaning that buildings
were built up in the low and medium hazard zones. The rapid urban growth in flood zones is acknowledged
in many scientific literatures and poses major challenges for flood risk management.’#>4 For risk
management, it is important to consider that both systems (exposure dynamics and management paradigms)
are deeply interrelated, with increases in exposure necessitating further mitigation measures.*?

54



3.4 Discussion

The dataset selected for the analysis of exposure evolution fulfils mainly the criteria for a monitoring
concept. However, as with the hazard maps, the development of the data set is not entirely consistent over
time and had to be pre-adjusted before it could be used for the risk analysis (see section 2.2). With the
appropriate knowledge, this lack of data consistency can be addressed to avoid bias in the data analysis. The
resolution of the data is sufficient for the analysis of the exposure evolution. The exposure evolution can
be analyzed on an annual temporal resolution.

3.4.3 Risk evolution

Risk can be quantified in several ways. One approach is to use the expected annual damage as an indicator
to describe flood risk, as for example analyzed by Elmer et al? or Zischg et al.#* However, this approach
needs detailed information about the probability of a loss in a certain period.? As the hazard maps of
Switzerland give a mixed identification of probability and intensity (see Appendix 13), the potential damage
is taken as proxy for the risk analysis. The potential damage is assessed by calculating the sum of the exposed
building values multiplied by a degree of loss in a certain hazard zone. This is a common approach to
integrate vulnerability into the flood risk analysis.’47 Therefore, the potential damage evolution depends on
the evolution of the sum of building surface area (m?) per land use category and hazard zone. Reason for
an increase/decrease in potential damage is an increase/dectease in building surface area in the hazard zones
and/or changed land use categories. However, the increase in potential damage does not necessarily require
an increase in exposure. For example, when in year .4 two buildings are in the high hazard zone and in year
B one of these buildings is not in the high hazard zone anymore, but two new or other buildings with the
same surface area are in the high hazard zone, we have an increase in exposure but the damage potential
remains the same. This example shows that the disentangling of risk drivers is important to understand the
complexity in risk evolution and find solutions for flood risk management.?6 In Switzerland, the hazard map
is completed for 97% of the country since 2017. Since then, the potential damage in the high hazard zone
decreased, remained stable in the medium hazard zone, and increased in the low hazard zone. The exposed
buildings increased as well in the low hazard zone, but the low hazard zone area only slightly increased
between 2017 and 2020 and remained stable since 2020. This evolution is a clear indicator that new buildings
are mainly built in the low hazard zone, leading to an overall increase in potential damage over ten years in
Switzerland.

Following up the research questions, we conclude that the data and method used in this study gives a
valuable starting point to set up a monitoring concept on a national scale. By collecting and analyzing the
individual risk components, the risk can be systematically quantified on an annual basis. The insights
deduced from the systematic analysis could be presented in the previous sections. However, some challenges
and limitations exist while applying the monitoring concept. The challenges, limitations and lessons learnt
are presented in the following section 4.4.

3.4.4 Challenges and lessons learnt

In contrast to previous flood risk evolution studies,?* the elaboration and application of a flood risk
monitoring concept aims to focus on the data and method selection that is available over many years and
on a high spatial resolution for enabling the systematical detection of flood risk evolution to gain constant
knowledge for the implementation into adaptive flood risk management. Following these objectives, we
proved a flood risk monitoring concept for Switzerland.

In Switzerland, the hazard maps and the TLLM are provided on an annual basis. This data provides a basis
for high spatial and temporal resolution flood risk analysis. However, with the retrospective application of
the flood risk monitoring concept, we detected that the majority of hazard maps for Switzerland were only
available from 2017 onwards. Additionally, we detected that the TLM was improved during the first years
of our analysis leading to undesired changes in the data over the selected period of analysis. These two
examples reveal that the criterion of the consistency of data is only partially fulfilled for the years between
2014 and 2023 and the knowledge about the data origin is very important to gain robust results. Although
vulnerability is integrated in the analysis, this risk component cannot be distinguished individually in the
evolution analysis. Further data and analysis would be necessary to calculate the vulnerability evolution for
Switzerland.
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Thus, the quantification of risk is only partially possible with the selected data and methods. However, the
potential damage as a proxy for flood risk gives as well important information for adaptive flood risk
management.

In general, the proof of concept demonstrates that applying the monitoring concept in Switzerland is
feasible and enhances the understanding of flood risk evolution. The criteria for evaluating the flood risk
monitoring concept are fulfilled. Flood risk monitoring helps to identify spatiotemporal differences and
contrasting trends in flood risk evolution.

3.5 Concluding remarks

In this study, a new environmental monitoring concept was developed and evaluated through a retrospective
application. The hazard maps of Switzerland were used to evaluate the hazard evolution; the number of
exposed buildings per hazard zone and building values per land use category were used to assess the
exposure evolution; the degree of loss per hazard zone was used to integrate the physical vulnerability of
buildings; and finally, the three risk components were combined into a potential damage analysis to evaluate
the risk. With the data and methods selected for the flood risk monitoring concept, we were able to
systematically quantify the annual flood risk on national, cantonal and municipal scale in Switzerland
between 2014 and 2023. Thus, the monitoring of single risk factors leads to the monitoring of risk evolution
and confirms the flood risk monitoring concept. Evolution curves of flood risk were created to gain a better
understanding of flood risk evolution. The results indicate that flood risk is decreasing or increasing
depending on the analyzed spatial and temporal scale. The finer resolution on municipal scale allowed the
mapping and detection of spatial differences. Even though flood risk is increasing on the aggregated scale
of Switzerland, the risk evolution on finer scales shows areas as well with decreasing risk. In addition,
municipalities were detected that show contrastive evolutions in hazard, exposure and potential damage.
The detection of low- and high-increase areas at a high spatial resolution is an important basis for decision-
making in flood risk management. This study shows that the proof and knowledge of data origin is a very
important component to gain robust results. Moreover, data consistency is key for comparability and
therefore, the successful application of flood risk monitoring. For example, without having detailed
knowledge of the updated land use data and the associated changes in the resolution of building footprints,
the exposure and potential damage evolution would have been less robust. We conclude that the storage
and comparison of data, along with consistently understanding “how risk evolves” are important
components of adaptive flood risk management. Management systems should update and store their data
over time to enable comparisons over years. With the comparison, it is possible to contextualize risk
evolution and gain knowledge about the evolution and risk drivers. This data could be used for further
decisions in risk management. In addition, flood risk monitoring enables the quantification of the positive
effects of flood protection measures. This gives arguments for quantifying the benefits of the invested public
funds for society in regions that gained from protection measures. However, new methodologies for data
provision that emerge during the monitoring period can hinder the comparability of data over time.
Therefore, it is important to create knowledge with case studies and learn from these case studies for setting
up a robust data model and methodology for flood risk monitoring. For the example of Switzerland, further
improvements for the flood risk monitoring could be to make flood simulations for detailed risk evolution
analysis, analyze the evolution of exposed building values, analyze and include dynamic vulnerability and try
to engage stakeholders to create a flood risk monitoring concept.
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Appendix 1

Relative and absolute numbers of the hazard evolution analysis for Switzerland (CH).

Appendix 1

"All" stands for the aggregation over all municipalities and "rem 0" stands for the aggregation without the
municipalities that had no hazard maps in 2014. Calculation was made for the total hazard map area (no

hazard, residual hazard, yellow hazard, blue hazard, red hazard zone), the yellow, blue, red hazard zone (ybr),

yellow hazard zone (y), blue hazard zone (b), and red hazard zone (r).

Hazard CH (all) 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
total_area [m?] 5'296'595'671| 5'785'226'446| 6'240'196'061| 6'038'349'113| 6'515'853'168| 6'811'550'775| 7'148'783'000| 7'872'834'928| 7'648'590'852| 7'483'783'322
ybr_area [m’] 1'066'210'169| 1'153'166'654| 1'344'383'521| 1'345'628'734| 1'362'278'477| 1'371'987'898| 1'400'770'951| 1'408'001'852| 1'410'121'983| 1'408'763'645
y_area [m?] 446'126'416| 489'174'068| 580'601'089| 578'812'191| 583'574'149| 586'943'330 603'359'850| 605'281'041| 604'847'396| 604'498'837
b_area [m’] 359'100'074| 389'201'953| 448'570121| 478'813'554| 481'747'707| 487'070'546| 497'233'683| 497'809'236| 498'253'026| 497'312'100
r_area [mZ] 260'983'679| 274'790'633| 315212'311| 288'002'989| 296'956'621| 297'974'022| 300177'418| 304'911'575| 307'021'561| 306'952'708
% of ybr of total 20 20 22 22 21 20 20 18 18 19
% total area of 2014 0 9 18 14 23 29 35 49 44 4
% ybr area of 2014 0 8 26 26 28 29 31 32 32 32
yellow hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total area 8 8 9 10 9 9 8 8 8 8
% of ybr area 42 42 43 43 43 43 43 43 43 43
% of 2014 0 10 30 30 31 32 35 36 36 35
blue hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total area 7 7 7 8 7 7 7 6 7 7
% of ybr area 34 34 33 36 35 36 35 35 35 35
% of 2014 0 8 25 33 34 36 38 39 39 38
red hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total area 5 5 5 5 5 4 4 4 4 4
% of ybr area 24 24 23 21 22 22 21 22 22 22
% of 2014 0 5 21 10 14 14 15 17 18 18

Hazard CH (rem 0) 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
total_area [m’] 5'296'303'831| 5'555'056'889| 5'525'903'324| 5'260'639'739| 5'698'512'412| 5'950'821'584| 6'100'864'269| 6'651'489'401| 6'488'900'213| 6'409'555'938
ybr_area [m’] 1'066'209'473| 1'117'287'295| 1'209'281'054| 1'201'668'961| 1'215'148'983| 1'221'079'755| 1'242'552'034| 1'247'166'041| 1'249'493'491| 1'247'059'000
y_area [mz] 446'126'415 471'463'017| 520'192'380| 517'755'589| 521219'277| 523'126'500| 534'020'604| 535'090'451| 534'731'911| 534'557'844
b_area [m’] 359'100'074| 373'597'496| 394'539'088| 418'438'014| 421'355'132| 425'077'124| 433225'042| 432'993'532| 433'600'160| 432'428'481
r_area [m’] 260'982'984| 272'226'782| 294'549'586| 265'475'358| 272'574'574| 272'876'131| 275'306'388| 279'082'058| 281'161'420| 280'072'675
% of ybr of total 20 20 22 23 21 21 20 19 19 19
% total area of 2014 0 5 4 -1 8 12 15 26 23 21
% ybr area of 2014 0 5 13 13 14 15 17 17 17 17
yellow area 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total area 8 8 9 10 9 9 9 8 8 8
% of ybr area 42 42 43 43 43 43 43 43 43 43
% of 2014 0 6 17 16 17 17 20 20 20 20
blue area 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total area 7 7 7 8 7 7 7 7 7 7
% of ybr area 34 33 33 35 35 35 35 35 35 35
% of 2014 0 4 10 17 17 18 21 21 21 20
red area 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total area 5 5 5 5 5 5 5 4 4 4
% of ybr area 24 24 24 22 22 22 22 22 23 22
% of 2014 0 4 13 2 4 5 5 7 8 7
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Appendix 2

Relative and absolute numbers of the hazard evolution analysis for the Canton of Bern (CH).

Y: Yellow hazard zone, B: blue hazard zone, R: red hazard zone

Hazard Canton Bern 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
y_area[m’] | 97'6191168| 97'824'797| 117'207'762| 113'595'291| 113'605'932| 113'957'738| 114'742'680| 116'301'402| 115'688'230| 115'654'133
% of 2014 0 0 20 16 16 17 18 19 19 18
b_area [m’] | 71'996723| 71'627'442| 71'443158| 88761'408| 88701151| 88778135 86'211'137| 85201748| 86'005'056| 86'776'000
% of 2014 0 -1 -1 23 23 23 20 18 19 21
r_area [m’] | 27777'420| 27'812'428| 28784'508| 29'771'816| 29'737'753| 30'037'550| 29'093'832| 29109'167| 29'571453| 29731'979
% of 2014 0 0 4 7 7 8 5 5 6 7
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Appendix 3

Appendix 3

Relative and absolute numbers of the hazard evolution analysis for the Municipality Burgdorf (CH).

Y: Yellow hazard zone, B: blue hazard zone, R: red hazard zone

Hazard Municipality Burgdorf 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
y_area [m’] | 2'376'210| 2'376'528| 2'376'522| 2'376'522| 2'376'522| 2'376'539| 2'339'958|  2'339'806|  2'339'806| 2'339'806
% of 2014 0 0 0 0 0 0 -2 -2 -2 -2
b_area [m’] | 1'026'329| 1'026'712| 1'026'717| 1'026'717| 1'026'717| 1'026'707| 962'938 962'557 962'556| 962'557
% of 2014 0 0 0 0 0 0 -6 -6 -6 -6
r_area [m’] 202'942| 292'949| 292'961| 292'961| 292'961| 292'934| 286'375 286'391 286'391| 286'390
% of 2014 0 0 0 0 0 0 -2 -2 -2 -2
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Appendix 4

Relative and absolute numbers of the exposure evolution analysis for Switzerland (CH).

"All" stands for the aggregation over all municipalities and "rem 0" stands for the aggregation without the
municipalities that had no hazard maps in 2014. Calculation was made for the total hazard map area (no
hazard, residual hazard, yellow hazard, blue hazard, red hazard zone), the yellow, blue, red hazard zone (ybr),
yellow hazard zone (y), blue hazard zone (b), and red hazard zone (r).

Exposure CH (all) 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
total_buildings (#) 1'131'512| 1'356'629| 1'556'317| 1'552'503| 1'671'042| 1'729'082| 1'783'673| 1'842'452| 1'835'961| 1'753'561
ybr_buildings (#) 226'167| 250'016] 282'995| 293'980| 296'055| 298'498| 303'724| 300'664| 303'208| 304'887
y_buildings (#) 125'042| 138'977| 158175| 163'971| 165'628| 167'776| 172'327| 172'075| 173'377| 174763
b_buildings (#) 84'790 93'438| 105'%615| 109'947| 110'154| 111'588| 112'057| 110'062| 110'918| 111'294
r_buildings (#) 16'335 17'601 19205 20'062 20273 19'134 19'340 18'527 18'913 18'830
% ybr of total 20 18 18 19 18 17 17 16 17 17
% total of 2014 0 20 38 37 48 53 58 63 62 55
% ybr of 2014 0 11 25 30 31 32 34 33 34 35
yellow hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total 11 10 10 1" 10 10 10 9 9 10
% of ybr 55 56 56 56 56 56 57 57 57 57
% of 2014 0 11 26 31 32 34 38 38 39 40
blue hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total 7 7 7 7 7 6 6 6 6 6
% of ybr 37 37 37 37 37 37 37 37 37 37
% of 2014 0 10 25 30 30 32 32 30 31 31
red hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total 1 1 1 1 1 1 1 1 1 1
% of ybr 7 7 7 7 7 6 6 6 6 6
% of 2014 0 8 18 23 24 17 18 13 16 15

Exposure CH (rem 0) 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
total_buildings (#) 1'131'505| 1'273'344 | 1'334'520| 1'295'537 | 1'407'605 | 1'453'335| 1'507'042 | 1'555'330 | 1'541'860| 1'507'479
ybr_buildings (#) 226'167| 241'474| 258'835| 266'685| 268'065| 269'943| 274'515| 272'242| 273'916| 275'690
y_buildings (#) 125'042| 134'097| 144'354| 148497| 149'759| 151'5613| 155'538| 155'920| 156'671| 158'129
b_buildings (#) 84'790 90'032 96'453 99'404 99'333| 100'633| 100'989 99'133 99'696| 100'079
r_buildings (#) 16'335 17'345 18'028 18'784 18'973 17797 17'988 17189 17'549 17'482
% ybr of total 20 19 19 21 19 19 18 18 18 18
% total of 2014 0 13 18 14 24 28 33 37 36 33
% ybr of 2014 0 7 14 18 19 19 21 20 21 22
yellow hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total 11 11 11 11 11 10 10 10 10 10
% of ybr 55 56 56 56 56 56 57 57 57 57
% of 2014 0 7 15 19 20 21 24 25 25 26
blue hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total 7 7 7 8 7 7 7 6 6 7
% of ybr 37 37 37 37 37 37 37 36 36 36
% of 2014 0 6 14 17 17 19 19 17 18 18
red hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of total 1 1 1 1 1 1 1 1 1 1
% of ybr 7 7 7 7 7 7 7 6 6 6
% of 2014 0 6 10 15 16 9 10 5 7 7
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Appendix 5

Relative and absolute numbers of the exposure evolution analysis for the Canton of Bern (CH).

Y: Yellow hazard zone, B: blue hazard zone, R: red hazard zone

Exposure Canton Bern 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
y_buildings (#)|26'383|26'839| 27'327]28'163| 28'539| 28'708| 30'024| 30'034| 29'880( 30'237
% of 2014 0 2 4 7 8 9 14 14 13 15
b_buildings (#)|18'183|18'116{18'5692(19'199[19'346| 19'625[18'939( 18'166| 18'316| 18'541
% of 2014 0 0 2 6 6 7 4 0 1 2
r_buildings (#) | 2'955| 2'875| 2'880( 2'920| 2'927| 2'947| 2'775| 2'723| 2'728| 2'749
% of 2014 0 -3 -3 -1 -1 0 -6 -8 -8 -7
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Appendix 6

Relative and absolute numbers of the exposure evolution analysis for the Municipality Burgdorf (CH).

Y: Yellow hazard zone, B: blue hazard zone, R: red hazard zone

Exposure Municipality Burgdorf 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
y buildings (#)| 948] 946] 946] 965]1'016]1'000[1'000] 998] 998[1'003
% of 2014 of o] o 2 7 5 5 5 5 6
b_buildings (#)| 410| 409| 409| 413| 438 436| 414| 418| 418 416
% of 2014 of o o 1 7 e 1| 2 2 1
r buildings (#) | 14| 14| 14| 15 15| 15| 8] 8] 8] s
% of 2014 of o] o 7| 7| 7| -43] -a3] -43] 43
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Appendix 7

Relative and absolute numbers of the potential damage evolution analysis for Switzerland (CH).

"All" stands for the aggregation over all municipalities and "rem 0" stands for the aggregation without the
municipalities that had no hazard maps in 2014. Calculation was made for the yellow, blue, red hazard zone

(ybr), yellow hazard zone (y), blue hazard zone (b), and red hazard zone (1).

Potential damage CH (all) 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
ybr_pd [CHF] 1'419'322'411| 1'550'744'117| 1'679'376'260| 1'739'430'557| 1'738'842'199| 1'748'441'627| 1'754'654'185| 1'763'689'268| 1'776'490'300| 1'783'185'795
y_pd [CHF] 593'768'495| 656'595'994| 716'973'025| 738'397'129| 745'095'684| 752'948'253| 771'623'915| 785'964'396| 789'117'620( 794'576'138
b_pd [CHF] 651'5699'694| 708'488'098| 765770'495| 791'647'509| 782'785'636| 797'198'231| 785'951'614| 782'739'042| 789'046'547| 790'868'690
r_pd [CHF] 173'954'223| 185'660'025| 196'632'740 209'385'919| 210'960'879| 198'295'143| 197'078'656| 194'985'830| 198'326'133| 197'740'967
% ybr of 2014 0 9 18 23 23 23 24 24 25 26
yellow hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of ybr 42 42 43 42 43 43 44 45 44 45
% of 2014 0 " 21 24 25 27 30 32 33 34
% of 2017 100 101 102 104 106 107 108
blue hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of ybr 46 46 46 46 45 46 45 44 44 44
% of 2014 0 9 18 21 20 22 21 20 21 21
% of 2017 100 99 101 99 99 100 100
red hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of ybr 12 12 12 12 12 " " " " "
% of 2014 0 7 13 20 21 14 13 12 14 14
% of 2017 100 101 95 94 93 95 94

Potential damage CH (rem 0) 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
ybr_pd [CHF] 1'419'322'411| 1'497'840'187| 1'545'418'353| 1'582'012'859| 1'578'579'592| 1'585'473'391| 1'593'454'746| 1'598'513'063| 1'607'596'665| 1'615'167'338
y_pd [CHF] 593'768'495| 633'709'650| 657'577'121| 669'907'795| 675'416'849| 681'373'904| 698'990'127| 712'287'747| 713'497'139| 719'704'675
b_pd [CHF] 651'5699'694| 681'600'620| 703'621'864| 718'055'733| 707'553'601| 720'911'180| 711'230'952| 705'589'867| 710'485'662| 712'249'100
r_pd [CHF] 173'954'223| 182'529'917| 184'219'368| 194'049'331| 195'609'141| 183'188'307| 183233'667| 180'635'450| 183'613'864| 183213'563
% ybr of 2014 0 6 9 1 11 12 12 13 13 14
yellow hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of ybr 42 42 43 42 43 43 44 45 44 45
% of 2014 0 7 1" 13 14 15 18 20 20 21
% of 2017 100 101 102 104 106 107 107
blue hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of ybr 46 46 46 45 45 45 45 44 44 44
% of 2014 0 5 8 10 9 " 9 8 9 9
% of 2017 100 99 100 99 98 99 99
red hazard zone 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
% of ybr 12 12 12 12 12 12 " " " "
% of 2014 0 5 6 12 12 5 5 4 6 5
% of 2017 100 101 94 94 93 95 94
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Appendix 8

Relative and absolute numbers of the potential damage evolution analysis for the Canton of Bern (CH).

Y: Yellow hazard zone, B: blue hazard zone, R: red hazard zone

Potential d: Canton Bern 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
yellow area| 92'683'242| 93'987'107| 93'115'355| 94'637'637| 94'420'025| 94'231'559| 99'252'629| 105'754'848| 105'607'959| 107'621'772
% of 2014 0 1 0 2 2 2 7 14 14 16
blue area | 112'423'145| 111'813'663| 110'110'076| 113'883'406| 113'141'770| 113'680'269| 104'724'008| 96'136'045| 96'788'651| 98'795'717
% of 2014 0 -1 -2 1 1 1 -7 -14 -14 -12
red area 22'642'997| 22'744'171| 22'753'096| 23'136'981| 22'904'287| 23'648'735| 22'260'354| 22'323'514| 22'421'471| 22'649'709
% of 2014 0 0 0 2 1 4 -2 -1 -1 0
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Appendix 9

Relative and absolute numbers of the potential damage evolution analysis for the Municipality Burgdorf

(CH).

Potential damage Municipality Burgdorf 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
yellow area| 6'275'141| 6'258'515| 6'258'5615| 6'263'208| 6'230'326| 6'162'863| 6'224'300| 6'204'370| 6'204'370| 6'309'013
% of 2014 0 0 0 0 -1 -2 -1 -1 -1 1
blue area 4'854'983 4'865'189| 4'865'189| 4'867'817| 4'890'255| 4'871'624| 4'678'633| 4'722'162| 4'722'162| 4'715'152
% of 2014 0 0 0 0 1 0 -4 -3 -3 -3
red area 202121 292121| 292"21| 295356| 295'356| 295'356 102'559| 102'559| 102'559| 102'559
% of 2014 0 0 0 1 1 1 -65 -65 -65 -65
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Appendix 10

Evolution per hazard zone from 2014 to 2023, aggregated on municipality scale.

Hazard (mz) 2014 2023|% Diff 2014 - 2023
yellow hazard zone 446'126'415| 534'557'844 19.8
blue hazard zone 359'100'074| 432'428'481 20.4
red hazard zone 260'982'984 | 280'072'675 7.3
Exposure (#) 2014 2023|% Diff 2014 - 2023
yellow hazard zone 125'042 158129 26.5
blue hazard zone 84'790 100'079 18.0
red hazard zone 16'335 17'482 7.0
Potential damage (CHF) 2014 2023|% Diff 2014 - 2023
yellow hazard zone 593'768'495| 719'704'675 21.2
blue hazard zone 651'599'694| 712'249'100 9.3
red hazard zone 173'954'223| 183'213'563 5.3
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Appendix 11

Count of municipalities with hazard (x-axis) and potential damage (y-axis) evolution.
For each panel, dots in the first quadrant count the municipalities with an increase in hazard and potential
damage, dots in the second quadrant count the municipalities with a decrease in hazard and increase in
potential damage, dots in the third quadrant count the municipalities with a decrease in hazard and potential
damage, and dots in the fourth quadrant count the municipalities with an increase in hazard and decrease in
potential damage. Dots with more than 50 municipalities are numbered the exact value of counts. a) provides
the results fort he yellow hazard zone, b) fort he blue hazard zone and ¢) for the red hazard zone.

a) Potential damage evolutloano% 70
>75-100%
|>5o-75%
|>25-50%
202 >0-25% 289
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Appendix 12

Count of municipalities with

exposure

(x-axis)

and potential

damage

(y-axis) evolution.

For each panel, dots in the first quadrant count the municipalities with an increase in exposure and potential
damage, dots in the second quadrant count the municipalities with a decrease in exposure and increase in
potential damage, dots in the third quadrant count the municipalities with a decrease in exposure and
potential damage, and dots in the fourth quadrant count the municipalities with an increase in exposure and
decrease in potential damage. Dots with more than 50 municipalities are numbered the exact value of counts.
a) provides the results fort he yellow hazard zone, b) fort he blue hazard zone and c) for the red hazard

zone.
a) Potential damage evolutlon|>100% 94
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Appendix 13

Assessment matrix for the identification of hazard classes in Switzerland: high (red), medium (blue), low
(yellow), residual (yellow-white striped), no or negligible hazard (white).
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