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Preface 

Right after I obtained my PhD in 1996 I became a consultant. For 12 years - 

almost half of my professional career - I worked for clients on projects that we 

scoped together, providing advice to and learning from governmental 

institutions, utilities, and municipalities. It was exciting and I can recommend 

that career path. Still, when asked to return to academia I barely hesitated. As 

part of my work I had encountered two topics that I wished to study further than 

I could do as a consultant: i) a strange behaviour of extreme rainfall that 

seemed to rapidly get more frequent and more severe, and ii) the development 

of Digital Elevation Models and hence the possibility of studying the actual 

impacts of surcharging from sewer systems, known as pluvial flooding. This was 

a completely new field, and it was clear that it had the potential to change the 

field of urban drainage substantially. Given the option to focus on a position of 

teaching and research in those fields under the heading of climate change 

impacts and adaptation was too tempting to resist. 

 

Since 2008 I have focussed my research on these two topics. Along the way 

there have been many discussions, interesting discoveries, hypotheses that 

proved to be wrong, successes and failures in a good mix. I have received a lot 

of support. Needless to say this comes from students, PhD-students, and 

postdocs. They did the bulk of the actual work, they became co-authors and 

often they also became infected by the desire to work in the field of urban 

drainage and/or with rainfall. It was joint work and collecting this work into a 

thesis is a tribute to the work we did together. Here I will focus my thanks to the 

people that has contributed to the publications of the thesis: Qianqian Zhou, 

Agnethe N Pedersen, and Roland Löwe for developing the concepts of urban 

flood risk management; Ida Bülow Gregersen, Maria Sunyer and Hjalte Jomo 

Danielsen Sørup for the work on climate change impacts on extreme rainfall; 

Hjalte for staying on and pursuing how to link risk and sustainability together 

with Martin Rygaard, Sarah Brudler, Yan Dong, and Thomas Hennequin; Toke 

Panduro and Bo Jellesmark Thorsen for helping me into the world of non-

market valuation; Luca Locatelli, Cecilie Thrysøe, and Steffen Davidsen for 

pursuing fit-for-purpose modelling of urban drainage processes; Roland Löwe 

and Per Skougaard Kaspersen for studies about the interplay between urban 
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development and urban risk; and Sara Lerer for philosophical discussions on 

modelling concepts as well as many other topics.  

 

But help also came from other places. Integration into both national and 

international research projects was ensured by many people who could easily 

have made different choices, both at the department, at DTU, and abroad. Jens 

Jørgen Linde (PH-Consult) and Ulrik Schack (COWI) were my first employers 

and their support and guidance led me to become proud of being an engineer; 

Henrik Madsen and Ole Mark from DHI has been good partners in many 

research projects; Jens Hesselbjerg Christensen (DMI) and the other leaders of 

the Centre for Regional Changes in the Earth System project integrated me into 

my first research project; the leaders of the Vand I Byer partnership (Marina 

Bergen Jensen (Copenhagen University), Ulrik Hindsberger and Hanne Kjær 

Jørgensen (TI), Jørn Rasmussen (DHI), and Birgitte Hoffman (DTU, later AaU)), 

with whom I have had many discussions that gradually moved us all towards 

better solutions and made a strong movement towards better decisions for 

climate change adaptation in Denmark; Dan Rosbjerg and Martin Drews for 

good collaboration across organizational boundaries within DTU; Ana Deletic, 

Briony Rogers, and Christian Urich for helping to ensure a good outcome of the 

DTU contribution to the CRC for Water Sensitive Cities, Patrick Willems and 

many others within the International Group on Urban Rainfall; Bruno Merz for 

integrating me into the IAHR Panta Rhei group on flood risk and for hosting me 

during my sabbatical; Wolfgang Rauch and Ana Deletic for much guidance and 

many good discussions over the years, Charlotte Corfitzen for delivering 

outstanding support for many years.  

 

Most importantly, the saying goes that in politics and in research you do not 

have friends or colleagues, only competitors. Many good discussions in our 

section on Urban Water Systems has proven this wrong. We disagree, 

sometimes loudly so, but it has been rewarding and a scientifically speaking 

safe haven for sharing ideas and supporting each other. Of course Peter Steen 

Mikkelsen deserves special mentioning here. Our careers have been interlinked 

for almost 30 years and our common wish to always seek to collaborate rather 

than compete is important for a good working environment as well as scientific 

development. 
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A warm thanks to Bruno Merz, Heidi Kreibich, and all other members of the 

Hydrology Section at GeoForschungsZentrum in Potsdam for hosting me while 

writing the thesis and to Bruno Merz, Roland Löwe, Hjalte Jomo Danielsen 

Sørup, Niels Bent Johansen, Steffen Foss Hansen, and Sif Fink Arnbjerg-

Nielsen for commenting on drafts of the thesis. 

 

Finally, and most importantly, my family: Ingrid, my life companion and the one 

who has been my principal guide on how to explore and understand the world. 

My children, Sif and Freja, who are by now old enough to enjoy the discussions 

we have as a family and clever enough to pretend that they listen to the advice 

they get from their parents while forming their own path in life. 

 

The thesis is written to highlight the explorative nature of the work. There has 

been room and curiosity to explore quite a few topics over this past decade. 

However, with the exception of three papers on the water-energy nexus all 62 

WoS papers I have contributed to during this decade fit within the title of the 

thesis, all focussed on the quest to develop an understanding of how to better 

understand and describe a world that is indeed non-stationary and highly 

unpredictable. After all, the best things in life are the ones we cannot fully 

understand, but nevertheless appreciate.  

 

Lynge, January 2020 

 

Karsten Arnbjerg-Nielsen 

Professor 
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Summary 

The past one to two decades have witnessed the most dramatic changes in 

urban water management since the sewer systems were introduced in the 

1850ies. There are hence many threats to a business-as-usual approach. 

Climatic changes caused by anthropogenic activities increase the occurrence 

rate and size of water related extremes, in northern Europe in particular leading 

to an increased risk of flooding. Increasing the infrastructure capacity will lead to 

dry habitats, which is conflicting with the goal of maintaining liveable cities. The 

capital costs related to maintaining infrastructure are already high and 

increased funding will most likely only be allocated if the services are more 

visible in the urban space. Hence the framing of urban water management is 

moving from a purely technical domain of ensuring hygienic barriers between 

polluted water and humans into a very complex framing of delivering many 

types of services. It is in this context that the urban pluvial flood risk must be 

considered. So while the key aspect of the thesis is technical the underlying 

theme is setting the stage for engaging with other stakeholder. Only this way 

can we achieve what is needed and ensure that the impacts of flooding can be 

mitigated by proper planning and management.  

 

Urban pluvial flood risk has experienced a leap of knowledge within the last 

decade of research, on which this thesis focuses. The thesis presents the work 

that I have been involved in since 2008 reflecting both on the achievements that 

have been made by me and other scholars during this period as well as the 

work that still needs to be undertaken. 

 

The key hazard of pluvial risk is extreme convective precipitation. In 2008 it was 

recognized that climatic changes would change precipitation patterns 

significantly, but how this would impact extreme precipitation was poorly 

understood. Today, it is well known that extreme precipitation will become more 

frequent and more severe, especially for high return periods and for sub-daily 

durations. We have shown that for emission scenarios corresponding to 3 – 

4°C increase in year 2100 compared to pre-industrial levels an increase of 20-

40% can be expected over the next century in Denmark. The mechanisms are 

explored by using climate change models where the ability to model convective 
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thunderstorms are poor. Hence, the changes may also become much larger (or 

lower). We have also shown that higher temperature increases will lead to 

higher increases of extreme precipitation and vice versa. The results have been 

implemented into Danish design guidelines by recommending to account for the 

anticipated changes in precipitation extremes over the technical lifetime of the 

infrastructure and to make worst case assessments of the changes in case of 

critical urban functions being impacted. The recommended changes in design 

intensities are lower than the observed changes during the past 40 years. We 

have shown that the observed change is primarily a result of natural variation of 

precipitation rather than an impact of emissions of greenhouse gasses. 

 

In the current climate, severe urban pluvial flooding will not occur concurrently 

with the other important water hazard in Denmark, sea surges. We have shown 

that there nevertheless is a positive correlation between these hazards. Climatic 

changes will thus increase the severity of the hazards individually, but the rate 

of concurrent events will increase even more. This will exacerbate the impacts 

of these hazards severely in case this is not considered when designing water 

infrastructure. 

 

The understanding of vulnerability and exposure has also improved 

significantly, which mean that we can today quantify urban pluvial flood risk well 

enough to make reliable decisions on feasible adaptation options. The 

description of vulnerability has improved by better access to data, because 

insurance providers see a benefit in providing good data for the modelling and, 

alas, much more data because of many recent floods. The framing of 

vulnerability remains an issue because many vulnerabilities are difficult to 

express in monetary terms. Exposure to hazards is rather easy to model for 

present climate, but making projections are deeply uncertain because the future 

exposure is driven by urban development, which is deeply uncertain. Therefore 

the exploration of future risks must be done by means of explorative modelling. 

This is a challenge to engineers, since it hinders traditional design of 

infrastructure, because no unique optimal solution can be identified based on a 

clear set of assumptions. 

 

The deep uncertainties should not hinder or delay decisions. On the contrary, 

the increasing risk implies that in general decisions should be taken before they 
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are recognized by the general society as being needed. The thesis suggests 

different ways of modelling and presenting information about present and future 

flood risk in ways that make it more comprehensible to other stakeholders. It is 

the hope that this will help society in obtaining a suitable amount of information 

enabling good decisions on flood risk management by facilitating better 

communication between flood risk managers and other stakeholders.  

 

Historically flood risk has remained almost constant when normalized with 

economic development, i.e. in absolute value it has been rising exponentially. 

We have very strong evidence that in the future also the hazards will increase at 

least linearly, perhaps even exponentially. The result will be a very high 

increase in flood risk unless structural changes in urban water management is 

implemented. The development of a comprehensive urban flood risk 

management framework that incorporates future changes into current decision-

making as presented in this this thesis is a necessary step towards considering 

these risks as a result of human decisions and actions rather than something 

we should consider as a result of “natural” processes and hence something that 

should be accepted as-is.  
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Dansk sammenfatning 

De seneste årtier har været de mest turbulente for håndteringen af vand i byer 

siden kloaksystemet blev indført gradvist i slutningen af det 19. århundrede. Der 

er mange trusler, der forhindrer at de hidtidige principper kan fortsætte. 

Klimaændringer medfører hyppigere og kraftigere vand-relaterede ekstremer, 

både i form af tørke og oversvømmelser. En fastholdelse af hidtidige 

anbefalinger for infrastruktur til vand vil medføre tørre byer, hvilket er i konflikt 

med vand som et bærende rekreativt element i byer. Endvidere er 

omkostningerne til at bygge og vedligeholde infrastukturen allerede høj og der 

er i offentligheden en opfattelse af, at disse midler ikke allokeres effektivt, med 

mindre de også fører til synlige elementer i byen. Samlet set betyder det, at 

håndteringen af vand i byer bevæger sig fra et rent teknisk domæne hvor 

hygiejniske barrierer mellem beskidt vand og mennesker skal etableres og 

vedligeholdes, til et domæne som er komplekst, med mange aktører og 

konfliktfyldt. Hvis man fastholder vandinfrastuktur som et selvstændigt domæne 

er det sandsynligt, at de tiltag der implementeres er for små og kommer for sent 

i forhold til behovet. Så selv om denne afhandling fokuserer på tekniske og 

modelmæssige aspekter er det underliggende tema at anerkende behovet for 

og finde metoder til at fremme kommunikation og samarbejde mellem alle de 

aktører, der har betydning for vands håndtering i byer. 

 

Forståelsen af risiko i forbindelse med regnbetingede oversvømmelser i byer er 

vokset markant over det sidste årti. Denne afhandling præsenterer det arbejde 

som jeg har deltaget i siden 2008 og fokuserer både på de fremskridt som jeg 

og andre gradvist har gjort i denne periode og på de aspekter, som kræver 

mere viden i de kommende år. 

 

Den primære fare er ekstrem nedbør med konvektiv aktivitet. I 2008 var det 

erkendt at ekstremnedbør ville ændre sig væsentligt, men mekanismerne bag 

var stort set ukendte. I dag er det velkendt, at ekstremregn vil blive markant 

hyppigere og også kraftigere og at effekten bliver større for stigende 

gentagelsesperiode. For udledningsscenarier der medfører 

temperaturstigninger på 3-4°C i år 2100 i forhold til pre-industrielt niveau 

forventes en stigning på 20 - 40% over det næste århundrede i Danmark. 
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Effekten er primært modelleret med klimamodeller som ikke er velegnede til at 

beskrive nedbør med konventiv aktivitet og derfor er der fortsat en væsentlig 

usikkerhed på hvor kraftige stigningerne vil være. Ved kraftigere 

udledningsscenarier vides ændringerne at blive mere voldsomme. Disse 

forventede ændringer er indarbejdet i dansk dimensioneringspraksis ved at 

kræve, at rørsystemer mv. kan håndtere de forventede ekstra regnmængder i 

hele anlæggets tekniske levetid og at komplekse eller særligt sårbare systemer 

endvidere analyseres for worst-case scenarier for fremtidig ekstremregn. Det 

bemærkes, at de forventede ændringer i de moderate udledningsscenarier er 

lavere end de ændringer i ekstremnedbør, der er observeret over de seneste 40 

år. Det skyldes, at en analyse af ekstremnedbør for denne periode har påvist, at 

en væsentlig del af denne kraftige ændring skyldes naturlig variation mere end 

klimapåvirkning på grund af udledninger af drivhusgasser i perioden. 

 

Det er godtgjort, at det er højst usandsynligt, at regnbetingede oversvømmelser 

forekommer samtidigt med andre typer af oversvømmmelser i det aktuelle 

danske klima. Der er dog også klare indikationer på, at det vil ændre sig som 

følge af klimaændinger og at sandsynligheden for samtidige hændelser vil stige 

mere end ændringerne af hver enkelt type af oversvømmelse.  

 

Forståelsen af eksponering og sårbarhed er også vokset i løbet af det sidste 

årti, hvilket indebærer muligheden for at lave gode beregninger af en risiko målt 

som forventet skade pr år. Sårbarheden er især forbedret på grund af bedre 

data, bl.a. fordi forsikringsbranchen i højere grad ser en værdi i at dele data til 

brug for studier og fordi der har været mange oversvømmelser og dermed flere 

observationer. Der er stadig både metodiske udfordringer ved at opgøre 

sårbarheden af et område, bl.a. fordi tab kan være svære at opgøre økonomisk. 

Eksponeringen af sårbare objekter (f.eks. huse) for en givet fare er på 

nuværende tidspunkt relativt let i det aktuelle klima, men er forbundet med dyb 

usikkerhed i fremtiden fordi fremtidig byudvikling er forbundet med dyb 

usikkerhed. Derfor udføres analyser af fremtidig risiko ved hjælp af eksplorativ 

modelling, altså modellering hvor en lang række faktorer ændres for at 

undersøge systemets reaktion på kombinationen af faktorer. Den eksplorative 

modelling er en udfording for traditionel praksis for dimensionering, fordi det 

ikke er muligt at etablere et design af systemet, der er optimalt under et givet 

sæt af antagelser. 
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De dybe usikkerheder kan ikke bruges som argument for at undgå eller forsinke 

beslutninger i forbindelse med klimatilpasning. Tværtimod indebærer den 

stigende risiko et krav om, at beslutninger tages på baggrund af forventede 

fremtidige risici snarere end den risiko som er anerkendt i samfundet på 

baggrund af historiske observationer. Denne afhandling præsenterer forskellige 

måder at modellere og præsentere resultater for nuværende og fremtidig risiko 

for oversvømmelser på måder, der fremmer kommunikation mellem forskellige 

typer af aktører. Det er mit håb, at afhandlingen og dens resultater vil fremme 

muligheden for at man på samfundsniveau kan tage bedre beslutninger i 

forbindelse med håndtering af risiko for oversvømmelser i byer.  

 

Historisk set har risikoen været nogenlunde konstant i forhold til den 

økonomiske udvikling i samfundet; med andre ord er den steget eksponentielt i 

faktisk økonomisk udgift. Sammen med en fremtidig kraftig stigning i faren for 

oversvømmelse på grund af klimaændringer vil det medføre en meget høj 

forøgelse af risikoen for oversvømmelse med mindre der implementeres nye 

metoder for håndtering af vand i byer. Udviklingen af et sammenhængende 

paradigme for beregning af risiko for oversvømmelser der inddrager forventede 

fremtidige ændringer af hver af elementerne af risikoen som præsenteret i 

denne afhandling er et nødvendigt skridt i retning mod at acceptere, at 

oversvømmelsesrisiko i byer er et resultat af menneskers beslutninger og 

handlinger og ikke en ”naturlig” proces som man ikke kan og bør inddrage i 

strategisk planlægning. 
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List of selected peer review journal papers 

According to Web of Science I have been co-author of 59 papers that describe 

non-stationary urban flood risk assessments and management during the first 

decade after returning to academia. Below are the 17 papers I have chosen to 

present as the key papers. They are chosen to represent different topics within 

the framework as well as different roles of authorship, from PI over main author, 

contributing author, to part of an international team. They are also chosen 

because they each represent a landmark in my understanding of non-stationary 

pluvial flood risk management. These papers, as well as many of the other 43 

papers, are cited in the dissertation and can hence be found in the full 

bibliography in Chapter 8. 
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1. Introduction 

 

1.1 From Nightmen to climate change adaptation specialists 
 

An integral part of any modern city is the explicit management of storm water 

and human excreta in order to ensure the wellbeing of the people living there. 

The concept of drained sanitation was known as early as the Mesopotamian 

Empire and was quite developed during the Roman Empire (de Feo et al., 

2014). However, these concepts were abandoned and management of human 

excreta were left to Nightmen that emptied buckets of human excreta during the 

night during the medieval period. The city had become a place where filth and 

smell proliferated and life time expectancy was low. The cholera epidemics in 

Europe in the middle of the 19th century led to the recognition of the important 

relationship between human health and the provision of hygienic barriers 

between drinking water and water polluted by animals and humans (Ferriman, 

2007). This changed the liveability of the cities remarkably as indicated on 

Figure 1.1. Soon after the Water Closet became very popular. Hence two basic 

forms of sewer systems became popular: 

 

 

 
Figure 1.1. Pre-sewered cities as presented today at museums and how they 

more likely appeared. Source unknown. 
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 Combined sewer systems, conveying mixtures of rain water and household 

sewage 

 Separate sewer systems, a dual pipe system where storm water and household 

sewage are conveyed separately. 

 

These sewer systems were designed based on simple procedures and rules-of-

thumb. Both types of systems should be self-cleansing, leading to a guideline of 

minimum slope of the pipes. Sizing of pipes containing only household sewage 

were based on assessment of the average amount of sewage allowing for daily 

and seasonal variations and (unintended) infiltration. Sizing of pipes containing 

storm water were based on assessment of the amount of hard surfaces 

conveying storm water and precipitation amounts for short durations 

(Spildevandskomiteen, 1950). The storm water pipes were designed to be 

hydraulically overloaded once every one to ten years. This criteria varied 

surprising little across different parts of the world and were eventually written 

into textbooks as recommended practice. 

 

The introduction of sewer systems improved public health and reduced smell in 

the cities, but at the expense of environmental problems where the sewer 

system ended, typically surface waters downstream of the city. Already around 

year 1900 the Copenhagen municipality designed subsurface detention ponds 

and pumps that ensured that the sewage was pumped out into the marine 

environment to avoid local pollution. Cities too far from the coast would install 

simple treatment plants aiming at removing sufficient amounts of organic matter 

to lower the local impact. From the 1950ies and onwards there was a leap in the 

awareness of how to manage pollution locally and with increased focus on 

advanced treatment. A range of technologies were available for treatment and 

detailed design was possible at the end of the century because the processes 

of treatment was quite well understood. A new science had developed, inspired 

by chemical engineering, but as a field of its own. 

 

What was left behind scientifically was the development of the sewer system. 

The total costs of the sewer system is close to an order of a magnitude higher 

than the end-of-pipe treatment systems currently employed, but it was seen 

mainly as a collection system with little room for optimization before the water 
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entered the treatment plant. So the sewer system professionals were left with a 

dirty and dangerous work environment with little recognition from society. From 

1950 to 1991 the Danish Water Pollution Control Committee 

(Spildevandskomiteen) issued 24 recommendations regarding urban drainage 

design and key pollution studies, mostly focussing on establishing better 

estimates of extreme precipitation amounts as a function of duration and 

frequency. The overall paradigm of urban water management remained one of 

establishing barriers between polluted water and humans by ensuring rapid 

removal of all water from the city. Reducing environmental impacts from this 

paradigm was explored only as ‘end-of-pipe’ solutions. 

 

The first major challenge of the dominating paradigm of the sewered city (Wong 

and Brown, 2009) was a design guidance manual for infiltration of storm water 

from single households (Spildevandskomiteen, 1994). The rationale behind the 

new paradigm of decentralized storm water management was based on an 

analysis of overall emissions of pollutants from combined sewer systems. The 

analysis showed that reducing local emissions from combined sewer overflows 

by installing local detention ponds would only reduce local pollution, but not the 

overall emissions. The reason was that the higher hydraulic loading of the 

waste water treatment plant decreased treatment performance. This could 

favour decentralized removal of the storm water since combined sewer systems 

are the dominating technology in many city centres. The following decade 

however showed that there were important economic and legal barriers to 

implementing this new paradigm (e.g. Harremoës et al., 2002). Hence there 

was only little uptake of the new paradigm and business-as-usual could 

continue for yet another decade. 

 

However, the existing main paradigm of the sewered city has also been 

challenged for other reasons over the last two decades. The main challenges of 

the existing paradigm can be summarized as follows: 

 
 The linear approach where groundwater is extracted and subsequently emitted 

to surface waters in polluted form, wastes precious resources, especially 

energy and nutrients, and at the same time neglects the precious resource of 

rain water. 
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 The rapid draining of the city leaves it vulnerable to urban heat island impacts 

and probibits establishment of ecosystem services because the city is left as a 

dry habitat. 

 Rapid expansion of cities and increased precipitation extremes jeopardizes the 

performance of existing sewer systems. 

 The traditional piped solution has high initial capital costs and still require 

space because of e.g. retention measures. When considered only as a technical 

installation these requirements become increasingly difficult to justify in 

comparison to other public costs. 

On a more fundamental level society as a whole transforms over time based on 

successive technological revolutions, ranging from the industrial revolution 

starting around 1770 to the current fifth era, denoted the Age of Information and 

Telecommunication by Perez (2002). This era entails both opportunities and 

threats to urban water management. The key threat is that the huge benefits of 

urban drainage are forgotten in the overwhelming information available to 

decision-makers. However, there are even greater opportunities for us to seize 

under this era. Many assumptions needed until now are no longer needed when 

using the new generation of exploratory tools. In particular, when moving from a 

paradigm of sewer system optimization to urban water management this era 

enables integrated analyses that were not possible before, including: 

 
 Establishing sensible ways of projecting future changes of both drivers and 

decision criteria and trajectories of adaptation. 

 Recognizing the interplay between urban water management and other critical 

services to society, including mobility and energy. 

 Exploring the uncertainties of both technical, hydrological, and social processes 

involved in design and analysis of urban drainage systems with the intent of 

enabling good urban water management decisions. 

The research on urban water management builds very much upon similar 

research within catchment hydrology, although the mindsets tends to be quite 

different. Catchment hydrology often focuses on the natural processes while 

downplaying the impacts of water abstraction and other human interferences. 

Urban hydrology on the other hand focuses on the infrastructure interfering with 

the natural processes. The differences in mindset are illustrated in Figure 1.2. 

However, both fields have recognized the need to interact more with society 

and the views are also converging. Seen from the outside, hydrology appears to 
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be a more homogeneous field and it certainly comprises more researchers than 

the field of urban hydrology. Hence it is no surprise that in some respects this 

thesis is implementing scientific practices that are well-known to hydrologists. 

On the other hand the hydrological sciences often have the advantage that they 

do not have to deal with the subtleties of services to society in a complex fabric 

constituting modern cities. It is the hope that this thesis and the work behind it 

will promote closer collaboration between these fields for the mutual benefit of 

the scientific progress and society as a whole. 

 

 

      
Figure 1.2. Catchment hydrological as presented in various textbooks (left) and 

a typical representation of an urban hydrological catchment (right). Catchment 

hydrology tends to ignore the impact of humans while the impact of the 

hydrological processes is ignored in urban hydrology. Left illustration 

downloaded from https://water.usgs.gov/edu/watercycle.html, right illustration 

from Zhou and Arnbjerg-Nielsen (2018). 

 

 

1.2 Objectives and outline of thesis 
 

When returning to academia in 2008 it was with a desire to study two 

processes: i) a strange behaviour of extreme rainfall that seemed to rapidly get 

more frequent and more severe, and ii) how the development of Digital 

Elevation Models would change urban water management. These two 

processes are both critical to understanding of urban pluvial flood risk. The 

objective of the work over the last decade and hence the topic of the thesis is to 

ensure that a comprehensive framework for framing and modelling urban pluvial 

flood risk is developed that implicitly incorporates likely future changes into 
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current decision-making. Further, to explore how these results can be presented 

in a way that enhances communication between different stakeholders, of which 

some are not used to working with risk management. The title of the thesis is 

inspired by the International Association of Hydrological Sciences, which has 

devoted research within the decade 2013-2022 to focus on Panta Rhei - 

Change in Hydrology and Society. 

 

The actual thesis has two objectives: to communicate the current state of the art 

and to highlight where my contributions fit into the larger picture. To reach these 

two contributions and still have a readable thesis the focus is on communicating 

the state of the art. My contributions are indicated by i) a selective choice of 

references, ii) by highlighting references where I am co-author with bold font, 

and iii) to use “we” and “they” as markers of separating my contributions from 

other work, where applicable. 

 

The basic principles of urban flood risk assessments that includes impacts of 

climatic changes and identification of suitable adaptation options were framed in 

Zhou et al. (2013, 2012), and discussed in more detail in Merz et al (2014). 

Concurrently the framework was formalized as the IPCC framework in IPCC 

(2012) and IPCC (2014) as the process based framework for climate change 

adaptation as a risk management discipline, see Figure 1.3. 

 

Chapter 2 gives an introduction to the field of urban drainage by outlining the 

major problems that are studied and what the current level of understanding is. 

Chapter 3 presents state of the art risk assessment and risk management. 

These two chapters combined constitute the basis for the understanding the key 

results presented in the following chapters. Chapter 4 is devoted to a discussion 

on the findings in relation to hazards, with a particular focus on precipitation, 

and hence how a changing climate will impact these hazards. Chapter 5 

discusses vulnerability and exposure, being the other constituents of risk, and 

how they are influenced by changes in the socioeconomic processes. Chapter 6 

focuses on the feedback mechanisms to society, i.e. how model results of 

current and future impacts can be presented in a way that enable adaptation 

(and mitigation) actions that are beneficial to society. Chapter 7 presents the 

preliminary conclusions and an outlook on future research domains that could 

be explored. 
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Figure 1.3. Illustration of the core concepts of climate change adaptation as 

presented by IPCC. Risk of climate-related impacts results from the interaction 

of climate-related hazards (including hazardous events and trends) with the 

vulnerability and exposure of human and natural systems. Changes in both the 

climate system (left) and socioeconomic processes including adaptation and 

mitigation (right) are drivers of hazards, exposure, and vulnerability. From IPCC 

(2014)  

 

 

The key results of the research activities I have been involved in during the past 

decade is hence presented in Chapters 4, 5, and 6. Each of these chapters start 

with stating the state-of-the-art in 2008 and what research objectives that were 

formulated at that time. Correspondingly each of the chapters will end with a 

brief summary of the key findings obtained during the past 10 years. Chapters 2 

and 3 will mainly present literature by other researchers, while the focus will be 

on my own literature in chapters 4-6. 
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2. Framing urban water management 

The understanding of the processes of urban hydrology is core to urban water 

management. The processes are the same as the ones identified in catchment 

hydrology, although the relative importance of the processes differ. Hydrology is 

a part of the scientific field Physical Geography and hence a key part of the 

Earth Sciences. Scientists working with Earth Sciences will in general use tools 

from physics, chemistry, biology, and mathematics to build a quantitative 

understanding of how the Earth system works, how it evolved to its current 

state, and how it may evolve into future states with and without human 

intervention. For all of the above-mentioned sciences the application of 

mathematical models are key to exploring the dynamics of the systems and 

identifying the key processes. Hence this chapter will focus on how to develop 

models that are suitable for describing urban water management.  

 

The objective of research on urban hydrology remains the same as for 

catchment hydrology, i.e. to study flows of water (and pollutants) over a range 

of scales and to quantify the impacts of interest over the relevant scale. 

However, urban hydrology has a much higher focus on engineering design of 

water infrastructure than catchment hydrology that has a higher focus on 

describing un-managed flows. 

 

The chapter will first briefly discuss the design process as a means of framing 

the modelling needs in urban water management. This consists of choosing a 

(set of) impacts for which the infrastructure should be optimized and a 

description of how to formulate criteria in a way that allows optimization of the 

design. Secondly, the chapter will discuss the spatio-temporal scales of 

relevance for urban water management, partly by contrasting it to catchment 

hydrology scales and partly by considering the key phenomena governing the 

design process. Based on this, the key modelling principles of urban drainage 

are revisited, ending with stating the key implications for measurements of 

extreme precipitation, a key driver of urban flood risk. 
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2.1 Criteria for design 
 

2.1.1 Defining system boundaries for design 

 

The most simple design process in urban drainage is sizing of a pipe in a sewer 

system. It consists of defining an allowably frequency of the flow exceeding the 

capacity of the pipe, calculate the corresponding flow rate and then select the 

size of pipe that is just capable of conveying that flow rate. Formulated this way, 

the design process is a one dimensional optimization problem that has a unique 

solution. A trained engineer solves this problem in less than a minute based on 

standard engineering guidelines. However, even the first point of choosing the 

allowable frequency is not trivial, as indicated in Figure 2.1. The corresponding 

design value will be uncertain due to imperfect knowledge and may change 

over time. Further, this particular design may be influenced by factors that imply 

that the frequency should be different from the standard values in the design 

guidelines. Hence, although the design process appears to be simple, many 

choices and assessments are needed, leading to very different outcomes. 

 

 

 
 

Figure 2.1. A design should include prediction of both the direction and 

magnitude of future changes and the uncertainties related to the design value. 

The engineer will typically choose design values based on experience and a 

mathematical framework for management of risks and uncertainties. Interaction 

with other stakeholders may sometimes lead to designs outside the ‘‘comfort 

zone’’ of the engineering tradition. From Arnbjerg-Nielsen (2011). 
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Urban water management is about delivering services to society, including 

prevention of water borne diseases. In the typical organizational setups applied 

across high-income countries, water utilities are formed to provide services 

under an objective of minimum cost. It has the benefit of providing technically 

sound and cheap solutions, but it also separates the water management from 

delivering other services to the city and pushes towards a design value that 

does not necessarily provides the services society really needs. Water 

infrastructure was either privately owned or managed by an organization within 

the municipality before utilities were established. This facilitated less 

complicated collaboration where multiple benefits could be included in the 

design phase, although it was never easy. The need for more comprehensive 

ways of considering design that explicitly incorporates other services to society 

is not a new field, but rather a topic that has been discussed for decades by 

multiple authors (Geldof and Stahre, 2006; Harremoës, 1996; Wong and Brown, 

2009). This discussion is expected to remain highly topical in the years to come 

and calls for a closer integration with other disciplines.  

 

Figure 2.2 focusses on the four levels at which services can be delivered. The 

lowest level, water infrastructure, focuses on choosing a design value based on 

the principles described in Figure 2.1, i.e. a one dimensional optimization 

problem with a unique solution. Intuitively there seems to be quite large 

synergies involved in aligning the optimization of water infrastructure within the 

spatial planning of the city, i.e. to ensure that vital city functions are not 

sensitive to malfunctioning water infrastructure. In a similar fashion the services 

can be considered in alignment with the city functions of amenity and other non-

tangible services. Finally the services can be considered on a scale that is 

much broader than the catchment scale by considering e.g. equity or resource 

consumption. The purpose of the following chapters is to describe some of the 

attempts of ‘breaking the boundaries’ between the four levels at which services 

can be defined. The intent is to demonstrate some of the synergies that can and 

should be realized by letting other professions having substantial influence on 

the design of urban water infrastructure. The design criteria should then also be 

formulated as one or more indicators of efficiency of the service provided by a 

given water infrastructure rather than the frequency, which is most of all an 

abstraction that mainly is important for the engineers.  
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Figure 2.2. Typical levels of framing related to urban water management. From: 

Own work (Unpublished). 

 

 

2.1.2 Implications for choice of technology when formulating criteria in 

the frequency domains 

 

The relevant frequency will vary significantly depending on the impact. An 

acceptable frequency for catastrophic events will be very low, probably less 

than 0.1 percent probability of occurring annually, while the acceptable 

frequency criteria for emissions of phosphorus will be aggregated amounts over 

years or even decades. An illustrative example based on Sørup et al. (2016) is 

outlined in the following. Assume that three local storm water control systems 

are being designed: 

 
1. Retaining water from houses and roads by means of infiltration with a focus on 

pollution management, corresponding to a technical requirement of 

hydrological overloading 5 times per year, 

2. Retaining water from houses and roads by means of infiltration with a focus on 

replacing piped storm water systems, corresponding to a technical requirement 

of hydrological overloading once every 10 years, and 

3. Rain water from houses is being harvested for indoor use, corresponding to a 

technical requirement of hydrological overloading 5 times per year. 



 

 

Panta Rhei 33 

These systems are illustrated in Figure 2.3, with corresponding efficiency 

metrics if such systems are implemented throughout Copenhagen shown in 

Table 2.1. What is noticeable is 1) that the metrics in this case is assessing 

performance over long time periods even if the performance criteria is 

formulated as rather rare events, and 2) that even though exceedance 

frequencies are quite low it is still the majority of the precipitation that is being 

managed by these decentralized solutions. 

 

 

 

 
Figure 2.3. Illustration of the three concepts of local storm water control used to 

model the efficiency metrics in Table 2.1.  

 

 

 

 

Table 2.1. Efficiency metrics for three cases of local rain water harvesting if 

implemented in Copenhagen. Note that in spite of the relatively large change in 

frequency only is a minor improvement in the amount of water that is managed 

differently. From Sørup et al. (2016). 

 

 1 2 3 

Degree of total precipitation managed from source (%) 83 100 83 

Degree of total precipitation managed (%) 31 37 9 

Reduction of potable water demand (%) 0 0 17 

Volume managed for Copenhagen (Mm3 yr-1) 19 23 6 
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These findings have proven to be both important and difficult to communicate 

between practitioners and different professions that are linked to urban water 

management (Fratini et al., 2012). As a result they developed the Three Point 

Approach (3PA), dividing impacts into three frequency domains, denoted day-

to-day values, technical optimization, and urban resilience and spatial planning, 

respectively. A key purpose of introducing the 3PA is that it facilitates a 

discussion on how different technologies/measures (changes to the system 

being modelled) will have different impacts depending on the type of 

technology/measure. 

 
 

2.2 Spatial and temporal scales in urban hydrology 
 

There are many possible impacts to surface waters that may be used to 

formulate design criteria, see Figure 2.4. The same figure also indicates that the 

predominant spatio-temporal scales of the processes within the urban 

catchment seems more homogeneous, although they range from minutes to 

hours and from m2 to km2. There are two reasons why there is a shift of scales 

compared to catchment hydrology; first of all the catchments served by piped 

systems are in general much smaller than river catchments, and secondly the 

flow velocity in the piped systems are four to ten times higher than in natural 

systems. This puts a high focus on measuring precipitation with a suitable high 

resolution that is much different from catchment hydrology, often formulated as 

a requirement of several decades of measurements with a spatial resolution of 

1 km2 and a temporal resolution of 1 minute (Einfalt et al., 2004; Schilling, 

1991; Thorndahl et al., 2017b).  

 

This high spatio-temporal resolution has implications for which precipitation 

generating process that dominates. The three dominating precipitation types are 

orographic rainfall, frontal rainfall, and convective rainfall. Orographic rainfall 

occurs when an air mass is lifted because of elevation of the terrain and is 

hence mainly a process that describes variation between locations. Frontal 

rainfall happens when warm air meets colder air in a frontal passage and hence 

a process that occurs on scales of 100 – 1000 km2 and the duration at a point is 

hours to days. Convective rainfall is a very local phenomena that arises 

because of local heating and consists of clusters of individual rain cells that has 
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a spatial resolution of less than a few km2. The life time of these cells rarely 

exceed 30 minutes. The cluster of raincells are also short-lived with durations 

below 1-2 hours at any point. The most persistent of these are known as 

mesoscale convective system that in reality is a complex of thunderstorms that 

has some resemblance with frontal systems (Austin and Houze, 1972; Chow et 

al., 1988).  

 

 
 

Figure 2.4. Predominant scales in urban hydrology. Left figure focuses on the 

spatio-temoral scales where urban hydrology scales are shown with blue colour 

and catchment hydrology with grey colour (Adapted from: Schilling, 1991). Right 

figure links these scales to impacts in surface waters (Adapted from: House et 

al., 1993).  

 

 

When considering large catchments the differences between convective storms 

and frontal storms are not significant because of the aggregation that takes place 

as a result of the hydrological processes within the catchment. Indeed, when 

aggregated to this scale frontal storms are typically the most severe. However, at 

point scale and hourly resolutions convective storms are much more severe than 

frontal storms. As an example consider the severe convective storm that hit 

Copenhagen on 02 July 2011. Flooding affected more than 30% of all buildings 

in the municipality and the damages were the most expensive in Northern Europe 

that year (Arnbjerg-Nielsen et al., 2015b). Local measurements indicated that 

the severity corresponded to a return period of 2000 years at some locations. 
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However, if aggregated to daily resolution and 25*25 km the event would still be 

severe, but actual damages to the city would be negligible.  

 

Hence the study of convective rainfall in general and how to derive properties of 

high-resolution rainfall based on more coarse observations in particular, has 

always been a point of focus for urban hydrology, which will also be demonstrated 

later in this thesis. Many studies have shown that both point precipitation and 

precipitation fields can be described by scaling properties, i.e. relating statistical 

moments at one spatio-temporal resolution to other resolutions. Arnbjerg-

Nielsen et al. (2013) mentions several successful applications, but there are also 

studies that indicates that scaling to resolutions below 30 - 45 minutes may be 

problematic (e.g. Nguyen et al., 2007; Olsson, 1998). It seems that for durations 

below 30 - 45 minutes scaling is possible with good results and also for durations 

above a few hours. However, in between these two sampling frequencies there 

is a transition phase. Hence inference on durations above a few hours does not 

enable a description of durations below 30 minutes, probably because of the 

change of the generating mechanisms of precipitation described above.  

 

A number of phenomena, issues, and tools for urban drainage can be identified 

within the mentioned scales. Each of these will contribute to a particular 

problem domain, as outlined in Figure 2.5. The figure shows that the research 

focus to some extend follow a cyclical pattern, different domains seem to be in 

fashion at different times in recent history. This seems to be the result of both 

influence from interest from individual researchers, but also to which extend 

problems are recognized by society and hence suitable financing options are 

available.  

 

The domain of understanding flows and volumes was in the 1980ies very much 

driven by the need to understand and describe pollutant flows with the purpose 

of setting emission standards to surface waters and in recent years with a focus 

on obtaining real time monitoring and control of emissions, i.e. optimizing the 

use of the existing infrastructure. The domain of pollution control was a 

response to this understanding by understanding the interplay between 

emissions and (biological) impacts and by reducing emissions of pollutants  
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Figure 2.5. Overview of issues, tools and phenomena (bottom) and the intensity 

with which they have been studied at DTU and fellow universities (top). Colours 

of issues, tools, and phenomena match those of the arrows of research 

intensity. The overview has been used to guide my research. Adapted from 

slides used to present research on urban water management at DTU 

Environment based on an idea by PS Mikkelsen (Unpublished). 
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without a corresponding reduction of the water flows. The domain of integrated 

urban water is a recognition of the growing interplay between the drainage 

infrastructure and other services in the city driven by e.g. requirements of multi-

functionality of urban space needed for drainage management and difficulties in 

cost recovery of traditional sewer management. Understanding the driver 

domain was predominantly focussing on establishing information for design 

criteria other than pipe sizing in the 1980ies and after year 2000 much focus 

has been given to climate change impacts of precipitation.  

 

2.3 Modelling of urban drainage systems for planning, design 

and operation (and corresponding data demands) 
 

2.3.1 Standardized calculation methods 

 

The peak wet weather flows are much higher than peak dry weather flows in 

urban hydrology and thus high resolution modelling of dry weather flows are 

typically ignored (e.g. Arnbjerg-Nielsen, 2011; Schilling, 1991). Modelling of 

these wet weather flows is equivalent to establishing a rainfall-runoff 

relationship, potentially incorporating antecedent conditions and storage 

volumes in the catchment in question. In general this can take the form of three 

situations, see Table 2.2 (Berndtsson and Niemczynowicz, 1988; Harremoës et 

al., 1984; Jensen, 1990; Spildevandskomiteen, 2005). 

 

Table 2.2 outlines that amount of computation can be decreased substantially 

without loss of information about the end result depending on the purpose of the 

model. The most expensive method in terms of computational cost, Method 3, is 

identical for catchment hydrology and urban hydrology. The other two 

approaches are simplifications that are often used in relation to design. They do 

not necessarily require less data (or information in general), but under the 

stated set of assumptions, the calculations can be reduced substantially without 

loss of accuracy of the calculated result. These assumptions are often fulfilled in 

urban drainage (Johansen et al., 1984), as opposed to catchment hydrology 

(Merz and Blöschl, 2008).  
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Table 2.2. Typical problems in modelling of urban runoff calculations and the data needs for the individual calculations. When 

using distributed hydraulic models the methods correspond to the recommended design practice in Denmark 

(Spildevandskomiteen, 2005)  

 

 Problem type Sample 

application 

Suitable indicators 

per event 

Assumptions Examples of 

calculations* 

Hydraulic model 

complexity 

1 Calculation of 

extreme statistics 

based on extreme 

statistics of 

precipitation 

Pipe 

design, 

flood risk 

n/a There is direct 

translation between 

return period of rainfall 

and return period of 

impact.  

T(Qmax) = f4(T(Itc)) Lumped (or 

distributed) 

2 Calculation of 

average runoff 

metrics based on 

measured 

precipitation 

Cumulative 

impacts 

Maximum flow, 

Total volume, 

Combined sewer 

overflows, etc. 

Indicator is a function of 

rainfall inputs during 

time of concentration. 

Qmax =  

f2((It, It-1, …, 𝑆 ) 

Vtot = f3(Itot) 

 

Lumped or 

distributed 

3 Calculation of flow 

based on measured 

precipitation 

Model 

calibration, 

insurance 

claims 

Nash-Sutcliffe, 

RMSE etc 

Event dynamics are 

captured by recorded 

events 

Qt = f1(It, It-1, …, S0) Distributed 

* Where fn(∙) denotes functions with catchment specific parameters, Qt denotes runoff at time t, Qmax denotes maximum runoff during an 

event, It denotes precipitation at time t, S0 and  𝑆  denotes actual and average storage volumes in the catchment at start of the event, 

T(X) denotes return period of X, and Itc denotes the amount of precipitation during the time of concentration of the catchment. 
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2.3.2 Justifying hydrologic and hydraulic assumptions 

 

The simplest model in uban hydrology identifies how much flow, Qdim, a pipe 

should be able to convey during maximum loading. The method became known 

as the rational method (e.g. Chow et al, 1988): 

 

 𝑄 ℎ 𝛼 𝜑 𝐴 𝑖  (2.1) 

 

where 𝑖  is the average maximum rainfall intensity for a prescribed return 

period corresponding to the time of concentration, 𝐴 is the physical area of the 

catchment, 𝜑 is the degree of impermeable surfaces in the catchment (can be 

measured physically), 𝛼 is the degree of impermeable surfaces that does 

convey water to the piped system (could in principle be measured physically, 

but often described as aleatory uncertainty), and ℎ is a calibration parameter, 

often referred to as a ‘hydrological reduction factor’ (not directly measurable). 

 

The principle behind the rational method is that for any given rainfall intensity 

with infinite duration the runoff will reach a constant flow rate corresponding to 

the contributing area, which is given by the physical area 𝐴 and some correction 

factor, described by a set of parameters, here denoted 𝜑, 𝛼, and ℎ. These 

parameter are all constrained to be between zero and one. The highest of such 

flows that the pipe should convey is the rainfall rate that corresponds to the time 

of concentration for the catchment, denoted 𝑖 .  

 

In many cases not only maximum flows are considered, but also total runoff. 

Thus, a similar basic equation for runoff volumes over an event, Vevent, are 

frequently employed, implicitly assuming that the set of parameters are constant 

over all types of events within the catchment: 

 

 𝑉 𝑄𝑑𝑡 ℎ 𝛼 𝜑 𝐴 𝑖𝑑𝑡 𝑙  (2.2) 

 

where l denotes an additional parameter that accounts for losses due to wetting 

etc. and are assumed to be distributed spatially in the same manner as the 

precipitation. 
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When doing design by hand calculations 𝛼 and ℎ are assumed to have a value 

of one. However, when setting up models to calculate e.g. problem type 1 in 

Table 2.2, both parameters are typically smaller than one. Much reasearch has 

been put into understanding and quantifying this phenomena. A discussion will 

be presented below as it is important to calculation of flood risk. 

 

A PhD-thesis studied the urban hydrology of two very small catchments by 

setting up detailed measurements of precipitation and runoff (Jacobsen, 1990). 

One catchment of 360 m2 consisting only of hard connected surfaces (a 

highway bridge) showed 𝛼 ℎ 1. Another catchment of 682 m2 consisting of 

a mixture of pervious and non-pervious surfaces (a parking lot at DTU with 

evenly distributed concrete stones with grass in between) were shown also to 

have 𝛼 ℎ 1 after accounting for antecedent soil moisture conditions and 

infiltration losses from the green surfaces.  

 

Based on these and similar studies throughout Europe and North America 

larger catchments were studied to verify the results on larger scales. However, 

as indicated by e.g. Jensen (1990) there was both a substantial uncertainty and 

bias in setting up such a model already for catchment sizes of a few hectars. 

The dominating uncertainty already at that scale was no longer the antecedent 

conditions of the permeable surfaces. In fact a very simple model consisting of 

only one parameter to account for continuous losses (corresponding to 𝛼 ℎ in 

Eq 2.1) and one parameter to account for aggregated initial losses in each 

event (corresponding to l in Eq 2.2) yielded almost identical results for each 

event as a complicated model considering all hydrological processes in the 

catchment did (Arnbjerg-Nielsen and Harremoës, 1996; Jensen, 1990). The 

uncertainty was ascribed to the spatial distribution of rainfall in the small 

catchments. This has later been shown to be a reasonable assumption based 

on experiments focussing on obtaining high resolution precipitation 

measurements (Niemczynowicz, 1991; Ochoa-Rodriguez et al., 2015; Pedersen 

et al., 2010).  

 

The bias indicates that 𝛼 ℎ 1. This assumption has been verified many times 

in practical applications and the bias (i.e. amount of rainfall “missing”) is higher 
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than what can reasonably be assumed to be due to water not being conveyed 

to the sewer system, i.e. attributing the missing runoff to 𝛼 alone. When 

considering point precipitation extreme values with runoff it is generally 

recognized that Areal Reduction Factors (ARF) should be applied, as discussed 

by e.g. Berndtsson and Niemczynowicz (1988). These depend highly on the 

temporal resolution of the precipitation extreme and are therefore expected to 

be high for urban rainfall applications. The reasoning behind ARFs is that the 

precipitation statistics from the gauge is used for selecting the extreme events 

and hence part of the ARF is due to a systematic bias when collecting data. 

 

While this reasoning seems fair it still does not explain the bias in a satisfactory 

way. First of all, the bias is somewhat higher than expected when considering 

recommended values for ARFs. Secondly, it applies not only to the extreme 

values, but also when averaging over all events. This contradicts the usual 

interpretation of the explanation of the ARF where the spatial averages on 

average should be close to the recordings at the gauge. Finally, a rain gauge in 

general records too little precipitation compared to the ground truth, further 

adding to the “missing water”. 

 

Concurrently with the research on urban hydrology great advancements were 

made on development of distributed modelling of the hydraulics of urban sewer 

systems. A detailed description of this development can be found in e.g. Mark 

(2019). Today the models are numerically sufficiently stable to allow 

calculations of distributed models with several thousand calculation nodes and 

the accuracy seems to be mainly limited by the quality of the forcing functions 

and the calculation times (Henonin et al., 2013). The main effort in the coming 

years is therefore expected to be development of simplified models that can 

provide faster simulation times with sufficient calculation accuracy, so-called fit-

for-purpose models. To some extend this builds on the development of 

hydrological and hydraulic models that peaked around 1990, but with even 

simpler models for runoff or by including simplified flows on the surfaces 

(Davidsen et al., 2017; Jamali et al., 2018; Johansen et al., 1984; Thrysøe et 

al., 2019; Vaes and Berlamont, 1998). 
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2.3.3 Implications for requirements of precipitation 

 

As pointed out in the preceding part of this section the precipitation dynamics 

are a key factor in the uncertainty of urban drainage modelling. There has been 

a profound lack of precipitation measurements that are distributed with the 

required spatial distribution. They are now starting to become available with an 

observation period that makes them relevant for urban design purposes 

(Thorndahl et al., 2014). There is however still a lack of knowledge on how to 

use such data for planning and design.  

 

There has been substantial research efforts synthesizing point rainfall 

descriptions from historical records into design storms (e.g. Mikkelsen et al., 

2005). A scheme similar to the one presented in Table 2.2, including different 

levels of calculation complexity, is highly needed for spatial rainfall. Using 

perturbation schemes, i.e. development of many realizations of spatial rainfall 

and choosing an ensemble of simulations that has the same statistical 

properties as observed rainfall is a possibility (Sørup et al., 2017; Thorndahl et 

al., 2017a). However, the increase in computational demand is quite staggering 

and there is a lack of knowledge on the interplay between local physical 

characteristics of the landscape and the dynamics of the rainfall. Weather 

generators are starting to be developed that can be used to explore these 

dynamics (Peleg et al., 2017), but they do not seem ready for application yet.  

 

There may be large implications for actual sizing of urban infrastructure as a 

result of the ambiguity described above. As it is, point rainfall is being used for 

flood risk calculations, as will be demonstrated in the following. Based on the 

previous discussion, there are at least two processes that indicate that the 

results are biased for high return periods. First of all, the assumption of 

negligible runoff from green surfaces is likely to lead to an underestimation of 

the actual flows. Secondly, the assumption of continuous losses (𝛼 ℎ) are equal 

to unity is likely to lead to an overestimation of the flows. Studies in 

Copenhagen focussing on design of large infrastructure that are only used 

rarely seem to indicate that the latter process is the dominating process 

(unpublished work), but more studies are needed to confirm this – and 

eventually turn it into a coherent design framework. 
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3. Risk assessments and risk management in 

urban water systems 

Risk is a term that is frequently used by laymen, but not with a precise meaning. 

The purpose of this chapter is to set the foundation for a precise definition of 

urban pluvial flood risk. The chapter draws upon the frameworks to describe 

and manage natural hazards developed under the UN auspices, notably the 

Intergovernmental Panel on Climate Change (IPCC) and the United Nations 

Office for Distaster Risk Reduction (UNISDR), but also compares these 

frameworks to risk management in controlled environments such as industrial 

production and the transportation sector. 

 

3.1 Definitions of risk and risk management 
 

The scientific use of risk concepts started in the middle of the 20th century and 

is by now well embedded in almost all disciplines regulating modern life, 

including food production, traffic regulation, production facilities, environmental 

protection, human behaviour, and design of hydrologic infrastructure. Some 

attempts to unify the terminology and concepts were done around year 2000, 

with Christensen et al (2003) as the largest Danish initiative, and WHO (2004) 

as the largest international initiative, comprising six UN organizations as well as 

OECD.  

 

The initiatives were not successful, and even within hydrological flood risk there 

are numerous competing terminologies as described by e.g. Klijn et al. (2015) 

and Aerts et al. (2018). The terminology in these frameworks do not fully comply 

with the framework developed by the IPCC, neither the one developed in AR4 

nor the one described in AR5. As indicated in Figure 1.3 this thesis builds on 

the terminology developed by IPCC WG2 AR51. The corresponding concepts 

                                                                                                                                
1 The precise definitions are presented in the Glossary of the report, which can 

be found here: http://www.ipcc-wg2.org/AR5/images/uploads/WGIIAR5-

AnnexII_FINAL.pdf (Accessed November 2018) 
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for risk management is presented in Figure 3.1, i.e. the process outlined in 

Figure 1.3 is termed Assess risks in Figure 3.1. This thesis focuses on the 

boxes scoping and analysis in Figure 3.1 for pluvial flooding in an urban 

context. 

 

For the purposes of this thesis it is a shortcoming that the IPCC terminology 

does not provide a tangible indicator to be used for e.g. hydrologic design. For 

that a more quantitative framework is needed. The framework in Figure 3.2 

resembles the one developed by IPCC, but here the risk is a quantifiable metric 

that has the unit of monetary loss/time, denoted Expected Annual Damages. 

There are several similar frameworks with slightly different terminology, 

primarily distinguished by whether they focus on how to calculate the risk (e.g. 

Löwe et al., 2017; Olsen et al., 2015; Zhou et al., 2012) or what measures 

can be and are implemented as a result of a risk being unacceptable (e.g. Aerts 

et al., 2018; Kreibich et al., 2017).  

 

 

 
 

Figure 3.1. Climate-change adaptation as an iterative risk management process 

with multiple feedbacks. People and knowledge shape the process and its 

outcomes. (From IPCC 2014)  
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Figure 3.2 An equally comprehensive framework based on a quantifiable 

indicator for flood risk and identifying suitable adaptation options. When 

comparing to the framework shown in Figure 1.4 it is also clear that this 

framework focusses more on reducing the risk than describing the non-

stationary behaviour of the risk arising from e.g. climate change, population 

dynamics, and land use change. From Aerts et al (2018). 



 

 

48 Panta Rhei 

 

In this thesis hazards denotes one or more events of inundation in a catchment 

that can be characterized by indicators of the inundation extend, depth, 

duration, and corresponding return period(s). Exposure will denote (types of) 

items that are within the catchment that may or not be within the inundated 

areas, and vulnerability will be a function that defines the cost of flooding of one 

item as a function of one or more of the indicators used to describe the hazard. 

 

A core element of Figure 3.1 is to establish decision-making criteria. As 

indicated in Figure 3.2 this can be based on the economic indicator Expected 

Annual Damage. Zhou et al. (2012) uses this indicator in a purely utilitarian 

approach, i.e. to maximize societal utility. Aerts et al. (2018) discusses how to 

include human perception of risk into this framework by including factors that 

make risk reduction measures appear to be fairer, e.g. by considering that poor 

people living in a flood prone area may be poor also because they live in that 

area. An example of such an application can be found in Kellermann et al. 

(2016) where un-voluntary exposure and higher return periods are weighted 

higher than in a traditional calculation of Expected Annual Damage. 

 

Within other types of risk management systems, e.g. design and operation of 

infrastructure and other environments controlled by humans, the decision 

making criteria is somewhat different as outlined in Figure 3.3 and adopted in 

corresponding legislation (European Union, 2012). This seems to be more 

inspired by a deontological point of view, where risks may be simply 

unacceptable, e.g. loss of life, loss of ecosystems, long-time malfunctioning of 

hygienic barriers, or economic impacts from which society cannot recover. 

These events must be avoided at all costs by constructing a system where 

either hazards, exposure, or vulnerability are changed until the unacceptable 

risk event is not possible. Acceptable risks are then risks that are generally 

accepted by society and where several options are possible from a risk 

assessment point of view. Choosing between different options can then occur 

by e.g. economic optimization in a purely utilitarian way.  
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Figure 3.3 Example of framework for decision-making that are compliant with 

many technical risk assessment frameworks. Impact is the IPCC terminology for 

considering the joint analysis of exposure and vulnerability, i.e. what happens if 

a hazard of a given severity occurs. In most technical risk frameworks the 

corresponding term is consequence. In order to retain correspondence with the 

bulk of flood risk literature, impact will be denoted “damage” or “damage for a 

given hazard” in this thesis. 

 

 

In between these two regions is a risk region described as As Low As 

Reasonable Practicable (ALARP). This is an area where regulation is strict, but 

does not prohibit events entirely. The aviation industry strictly applies ALARP 

practices, both when constructing and operating the aircraft. Within the 

environmental regulation the Water Framework Directive of the EU also 

implicitly uses the ALARP principle by stating that compliance should occur 

unless excessive costs are entailed. A thorough review of the practices 

underlying such concepts and how they are used to minimize risks to 

acceptable levels can be found in Li and Guldenmund (2018). 

 

There are attempts to merge the two different points of view, primarily by 

considering ways of incorporating unacceptable risks into the damage function. 

Examples of important papers discussing this is Merz et al. (2009), Merz and 

Thieken (2009) and Merz et al. (2010). The concept is pursued further in Merz 

et al. (2015) where both the concepts of assessing a monetary value is 

discussed along with the boundaries of being able to assess the (economic) 

consequences of severe events. It is a call for risk averse behaviour, especially 

for very rare events, much in line with the discussions on decision-making 

criteria discussed above as well as calls for precautionary principles in both 

environmental science in general (e.g. Harremoës, 1996; IPPC, 2014).  

Impact
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3.2 When economic reasoning is acceptable 
 

In the following it is assumed that economic optimization is possible. This 

restriction can be fulfilled either by having formally prevented unacceptable 

risks, by having imposed costs of unacceptable risks that are prohibitively high, 

or by letting the economic calculations be an input to a multi-criteria decision 

framework. In case of the latter it is assumed that impacts that cannot be 

assessed in monetary terms are still included in the analysis. 

 

3.2.1 Defining the framework for economic analyses for flood risk 

management 

 

In general climate change adaptation results in benefits in the form of reduced 

risk and costs related to obtaining this reduction. In general these benefits and 

costs vary in time and hence cost-benefit analysis are employed to identify 

whether projects are feasible. In general the present value of all benefits and 

costs are discounted to todays value, denoted Net Present Value (NPV). 

Assuming that an analysis of an adaptation measure is implemented at time t0 

and has a technical lifetime of (te - t0) years the NPV compared to a do-nothing 

scenario can be calculated as: 

 

 
𝑁𝑃𝑉

𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝐶𝑜𝑠𝑡
1 𝑟

 
(3.1) 

 

where r is the discount rate. Under different assumptions there may be 

corrections to the equation to account for the changes of value between the two 

scenarios at the beginning and the end of the time period considered. The 

concept is illustrated on Figure 3.4 for the case of a decision of investing in an 

improved protection against flooding that will be spend over a few years and 

wilh have an impact for many years. The figure highlights that in the case of 

climate change impacts the flood risik reduction will in economic terms become 

larger over time, mainly because the reduction measure will be used more 

frequently as the changes become more apparent.  
  



 

 

Panta Rhei 51 

 

 

 
 

Figure 3.4. Illustration of the costs and benefits in a typical calculation of Net 

Present Value for climate change adaptation projects. It is assumed that one 

(set of) adaptation measure(s) are implemented at time t0 which will reduce the 

annual costs from CCIS to CCAS in a climate change scenario and from BS to 

ACCS assuming a constant climate. It is implicitly assumed that vulnerability 

and exposure remain constant throughout the assessment period. Green and 

red lines show the benefits under the assumption of a constant and a changing 

climate, respectively. The blue lines show the investment cost of the adaptation 

measure. From Zhou et al. (2012). 
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In general any project that reduces the risk due to a reduction of the hazard is a 

climate change adaptation project. It is however a minimum requirement that 

NPV should be positive in order to be a potentially recommendable project. 

Even if NPV is positive the project may not be recommendable, since other 

measures may be more favourable, society may prefer to spend resources on 

other projects, or the residual risk may be unacceptable from an ethical 

perspective. 

 

3.2.2 Calculating flood risk, EAD 

 

In many applications the calculation of Expected Annual Damage, EAD, is 

considered trivial and ignored or reduced to a single equation without 

discussing how it is solved. However, this is not trivial, especially in urban 

areas, where the fabric is complex and flow routing may be difficult to assess. 

Further, damages occurs quite often, sometimes with a return period less than 

one year. In the case where the return period for all damages are larger than 

one year the EAD for a given catchment can be calculated as (Chow et al., 

1988; Olsen et al., 2015): 

 

 𝐸𝐴𝐷 𝐷 𝑝 𝑑𝑝
𝐷 𝑇

𝑇
𝑑𝑇 (3.2) 

 

where p = 1/T denotes the exceedance probability of an event, D(∙) denote the 

damage function of p or T, respectively, and pd and Td are the exceedance 

probability and return period where damages start to occur, respectively. The 

contributions to the total EAD becomes negligible for higher return periods in 

typical catchments, even though the damage costs are increasing as a function 

of return period, as indicated in Figure 3.5. 
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Figure 3.5. Illustration of the importance of low return periods on the EAD. From 

Davidsen et al. (2017). 

 

 

It cannot be assumed that the return period of damages are higher than one 

year in the context of urban flood risk calculations since several studies have 

reported much more frequent occurences of damages (e.g. Freni et al., 2010; 

Pedersen et al., 2012). In homogeneous catchments it may be due to urban 

development occurring after the urban drainage infrastructure has been 

implemented as discussed by e.g. Olsen et al. (2015). Calculation of the EAD 

can readily be extended to managing several hazards in the form of concurrent 

events as done by e.g. Löwe et al. (2018).  
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4. Modelling hazards 

In Denmark the status on flood hazards in urban areas in 2008 was that it was 

known that pluvial flooding posed the economically largest hazard in the current 

climate and that sea level rises would become more important during the 21st 

century. A regional model had been developed for design rainfall for the entire 

country, but there were known shortcomings in some locations in the model. 

The regional model was developed because of a high uncertainty of at-site 

estimates. For calculation of impacts in un-gauged sites for which design rainfall 

was not sufficient input it was recommended to choose a recorded rainfall 

series that had properties as close to the regional model for design storms as 

possible (see section 2.3). Climate change impacts for extreme point 

precipitation rainfall using one model run of one Regional Climate Model and 

three downscaling techniques had been analyzed and the results were being 

implemented into engineering practice. It was not clear how these results were 

related to the rapidly increasing precipitation extremes observed in the recent 

decades. Finally, a high resolution Digital Elevation Model had been developed 

for Denmark. It was recognized that this should be used to develop better 

models for pluvial flooding, but the concepts were vague. 

 

This led to the following specific objectives for the research during the past 

decade: 
 Define a spatially distributed description of a baseline corresponding to current 

Danish climate for point precipitation extremes. 

 Identify anticipated climate change impacts from hydrostatic RCMs by 

exploring multiple models, multiple scenarios, and multiple downscaling 

methods and the corresponding uncertainties. 

 Implement information on climate change impacts on extreme rainfall as a 

recommended practice for urban drainage in Denmark.  

 Consider methods and recommend approaches for better selection of point 

rainfall rainfall series in current and future climates.  

 Develop methods for urban flood risk assessments and include non‐stationary 

behaviour, first by considering changes in precipitation extremes, later to be 

extended to other forcing functions and model inputs.  
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This chapter describes the work undertaken and the key results of pursuing 

these objectives. In 2014 we made a summary report on the comprehensive 

analysis of rainfall in current and future climates in Denmark comprising 

approximately 10 man-years of research and the papers that were published or 

being scoped at the time (Gregersen et al., 2014b). Section 4.1 and 4.2 are to 

a large extend also described in that report. The summary provided here is 

shorter, provides some updates and further work, and focuses more on the 

interpretation of the findings. Still there are substantial overlaps, if not in 

wording, then in content. 

 

4.1 Precipitation data 
 

Much data has been explored as part of the research. The main characteristics 

and location of repositories are given in Table 4.1 and Figure 4.1.  

 

4.2 Modelling of precipitation extremes in current climate 
 

The most important dataset for analysing point precipitation extremes in the 

current climate in Denmark is undoubtedly the SVK data, currently having 

recorded more than 2000 station-years in high temporal resolution and also 

having regions with high spatial resolution.  

 

The majority of the work is based on analysing precipitation extremes by means 

of the Partial Duration Series Approach. This model assumes that the annual 

number of extreme events follow a Poisson distribution and that the magnitude 

of the events is assumed to follow a Generalized Pareto Distribution (GPD). 

Assuming that the shape parameter is non-zero and using L-moments for 

estimating the parameters of the GPD a T-year event, zT, is then found as 

(Madsen et al., 2017): 

 

 𝑧 𝑧 𝜇
1 𝜅

𝑘
1

1
𝜆𝑇

  ;   𝜅
1

𝐿
2 (4.1) 
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where z0 is the location parameter, κ is the shape parameter, μ is the mean of 

the extreme exceedances, Lcv is the L-moment coefficient of variation, and λ is 

the average annual number of exceedances.  

 

 

 
 

Figure 4.1. Location of gauges/grid points of the observational data sets (SVK 

and ECA&D) as well as the two most widely applied gridded datasets (CGD and 

E-OBS). The E-OBS grid is identical to the grid used by ENSEMBLES and 

6°Global. From Sunyer et al (2013b). A description of the data sets is provided 

in Table 4.1. 
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Table 4.1. Data products used in the analyses. Re-analysis data are data providing best estimates of key weather variables 

based on all available measurements, but resampled to a fixed grid. RCM data are outputs from Regional Climate Models to 

be explained in detail in section 4.3. For RCMs the temporal resolution is the resolution with which simulation results are 

stored; the time step of the simulations are 2-3 orders of magnitude smaller. The ENSEMBLES data consists of 13 model 

runs performed by 7 institutions, all assuming an A1B scenario. The RISKCHANGE data consists of 4 model runs performed 

by two institutions, two for the RCP4.5 scenario and two for the RCP8.5 scenario. The 6° Global consists of one simulation 

using a boundary of a global temperature increase of 6 degrees. Each institution uses their own RCM for their own 

simulations. Institutions that do more than one model run do so with different global boundaries. The SVK datasets have 

kindly been made available by the Spildevandskomiteen, the DMI datasets by the Danish Meteorological Institute.  
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Name Type of data Temporal 

domain 

Spatial 

domain 

Temporal 

resolution 

Spatial  

resolution 

Number of gauges or 

simulations, 

respectively 

SVK Obs 1979 - Denmark 1 minute Point 43 or more 

DMI1 Obs 1874 - 2010 Denmark Daily Point 6 

DMI2 Obs 1960 - 2010 Denmark Daily Point 96 

ECA&D Obs 1951 -  European Daily Point 8 (in Denmark) 

CGD Re-analysis 1989 – 2010 Denmark Daily 10*10 km n/a 

E-OBS Re-analysis 1951 -  European Daily 25*25 km n/a 

ENSEMBLES RCM 1950 - 2100 Europe Daily, 1h max 

(hourly) 

25*25 km 13 

RISKCHANGE RCM 1981 – 2100 Northern 

Europe 

Hourly 8*8 km 4 

6° Global RCM n/a Europe Daily, 1 h max 25*25 km 1 

Data can be obtained from the following links: SVK: svk.dmi.dk (Not publicly available), DMI1: www.dmi.dk/fileadmin/Rapporter/TR/tr12-

02.zip, DMI2: Not publicly available, ECA&D: https://www.ecad.eu/, CGD: dmi.dk/fileadmin/Rapporter/TR/tr12-10_10x10km.zip, E-OBS: 

www.ecad.eu/ , ENSEMBLES: ensembles-eu.metoffice.com/data.html, RISKCHANGE: ensemblesrt3.dmi.dk/data/RiskChange/, 6° 

Global: Not publicly available. 
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Two types of censoring can be applied, either fixing the threshold of the 

extremes, known as type 1 censoring, making z0 a fixed parameter. This is the 

method that has been applied most widely in the analyses on current climates. 

In some cases this may lead to large variations in the sample sizes used to 

estimate the size of the exceedances. In such cases it may be more suitable to 

fix the number of exceedances and let the threshold be the random variable 

instead, known as type 2 censoring. The latter method has been applied in the 

majority of the studies on climate change impacts on extreme precipitation. 

 

4.2.1 Establishing a baseline for current climate by considering decadal 

variation over the past century 

 

Establishing a baseline for current climate has primarily been done by analysing 

the SVK dataset covering the relatively recent period from 1979 to present. This 

data was then compared to the longest series of daily rainfall available for 

Denmark and Southern Sweden, DMI1. The comparison between the “short” 

and “the long” time series are done on daily records with a focus on the annual 

occurrences of extreme exceedances. Type 1 censoring are used for both 

series, but the event definitions differ; the long series use a fixed threshold of 

19.2 mm of daily rainfall and assumes that daily records are independent while 

the short series use maximum 24 hour extremes using an event separation of a 

minimum of 24 hours of dry weather.  

 

The number of exceedances per station per year are aggregated to one annual 

average number of exceedances per year. The calculation considers the high 

correlation between gauges that are close to each other. As expected, there is a 

high year-to-year variation of the number of extremes. Also, both series show 

an increase in the annual average number of exceedances per year as a 

function of time. The rate of increase are however substantially different; the 

long series show a moderate increase of 0.3% annually compared to a 

staggering 1.4% for the SVK data, see Figure 4.2. More importantly, a cyclical 

variation was identified in the long dataset, in accordance with similar studies in 

Europe (Ntegeka and Willems, 2008; Willems, 2013). Applying spectral analysis 

to the series significant oscillations are identified to be significant with a 

frequency of 25-40 years (Gregersen et al., 2015). However, the interpretation 

of the cyclical behaviour is difficult, especially because there is a shift in the 
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cycle between the different locations. There seems to be some correlation to 

regional patterns of theses shifts (e.g. Blöschl et al., 2017; Hall et al., 2014; 

Willems, 2013), but correlation is weak and the verification of the hypothesis is 

very difficult because many aspects of inter-decadal variations are not 

understood. 

 

 

 
 

Figure 4.2. Annual development in λ (see Eq 4.1) between 1874 and 2012 for 

the daily accumulated rainfall depth, estimated from the long DMI1 series from 

Copenhagen (blue) and the SVK station in Søborg (black). Crosses are the 

annual number of extreme events, filled circles are the 13 independent points 

generated by a block average of 10 years, thin lines are the smoothed series 

and thick lines the modelled increase. From Gregersen (2015). 

 

 

There is a good correlation between the annual average number of 

exceedances per year for the two datasets. In particular both series have a low 

amount of precipitation extremes in the 1980ies. Hence a substantial part of the 

large increase in the SVK data seems to be that recordings started when the 

frequency of extremes were unusually low and presently both series are higher 
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than expected with the simple models applied. This leads to the exceptionally 

high increase in precipitation extremes observed over the last decades. Given 

the analyses we have carried out there is little doubt that some of the increase 

can be attributed to climatic changes caused by anthropogenic emissions, but a 

substantial part of the variation are due to natural variation.  

 

Methods for distinguishing between anomalies and natural variation is still 

ongoing although progress is being made (e.g. Lee and Ouarda, 2010). It is 

clear that some of the inter-decadal variations can be explained by atmospheric 

anomalies occurring over very large scale, known as teleconnections. The most 

well-known teleconnection is the el-nino/el-nina teleconnection, essentially 

impacting weather extremes across most of the globe. For Europe the most 

important teleconnections seem to be the North Atlantic Oscillation (NAO) and 

the East Atlantic pattern (EA). Willems (2013) and others have shown that there 

is a quite high correlation with precipitation extremes in the winter season. 

However, summer extremes are much larger than winter extremes, especially 

for short durations, and models of extreme precipitation explicitly accounting for 

both spatial and temporal variation show that teleconnections are not able to 

explain a significant part of the variation illustrated e.g. on Figure 4.2 

(Gregersen et al., 2013a, 2017). 

 

The cyclical behaviour could in principle be a phenomena occurring mainly on 

daily values. Therefore a test with higher resolutions were made on the Uccle 

series from Belgium that has more than 100 years of recordings of high-

resolution precipitation. From the analysis it is clear that the cyclical pattern 

seems to be identical across a wide range of durations, see Figure 4.3.  

 

In conclusion, the SVK dataset show an overwhelming increase of the 

precipitation extremes from 1979 to today. The increase is confirmed by 

analyses in other datasets both in Denmark and Europe. However, it seems that 

a substantial part of this increase can be attributed to inter-decadal variation 

that is poorly understood and perhaps mainly random. The latest thorough 

analysis of the data is based on recordings from 1979 to 2012, i.e. 33 years. 

This is close to the inter-decadal cycle identified in Gregersen et al. (2015) and 

hence we decided that this dataset in its totality is considered representative for 
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the current climate of Denmark, even if a test for non-stationarity within the 

dataset is rejected. 

 

 

 
 

Figure 4.3. Multidecadal variations for different precipitation durations based on 

analysis of the Uccle precipitation series. The anomaly is calculated based on 

observations that are averaged over 15 years. From Gregersen et al. (2014a) 

 

 

4.2.2 Regional model of extreme precipitation in current climate 

 

The first regional model for extreme statistics was published by Madsen et al 

(2002) by using the SVK data that had been sampled until 1996. It was based 

on the model in Eq (4.1) using type 1 censoring. Durations ranging from 1 

minute to 2 days were estimated individually for each duration followed by 

construction of IDF-curves by means of regression across durations for each 

return period separately. κ was assumed to be constant for Denmark, λ was 

modelled as a function of the mean annual precipitation for the period 1960 to 

1990, and μ was assumed to be constant within each of three subregions. The 

work was updated in 2009, based on the SVK dataset up until 2005 (Madsen et 

al., 2009). The only structural change in the model was that it now only 

contained two subregions. The intensities in general increased due to the 

processes described in the previous section.  

 

Based on the findings in the previous section, we decided to construct a model 

of extreme precipitation based on the SVK dataset for the period 1979 – 2012 to 
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represent estimates of extreme precipitation in Denmark for the current climate. 

The use of a partial duration series approach was retained, see Eq (4.1), but 

otherwise all assumptions regarding the use of co-variates were revisited. In the 

end the changes were small and mainly driven by the availability of the CDG 

dataset. From this data a new Mean Annual Precipitation was derived for each 

grid cell. An extreme value model was also estimated for each grid cell using 

the same principles for estimating the extreme value as for the SVK data. The 

estimate of μ for this model, denoted μCDG, proved to be a much better covariate 

than dividing into subregions as previous studies had done (Madsen et al., 

2017). Figure 4.4 shows the spatial variation of using this model for selected 

return periods and durations. Comparing this model to previous models show 

that this model predicts considerably larger design intensities in Northern 

Jutland and similar decreases in South-East Denmark, and in general much 

more heterogeneous estimates of the precipitation extremes. 

 

4.2.3 Rainfall series for current climate  

 

Some applications require long ‘historical’ records of precipitation because there 

is a complicated relationship between the precipitation and the impact as 

outlined in Chapter 2. In some cases it may be possible to obtain artificial 

precipitation series that have the same statistical properties as observed series 

in a region. A model that can generate such a precipitation series is known as a 

Weather Generator (WG). The key question to solve is to use a minimum of 

parameters to quantify the historical series. This is particularly important if the 

purpose is to make a regional model, as each of the parameters locally is a 

potential variable in the regional model. A frequently applied model is RainSim 

(Burton et al., 2008), based on the clustering process model described by 

Cowpertwait et al. (1996). It uses separate parameters for each month and for 

each month 5 parameters are used to describe the variation within a month. 

Based on this model precipitation can be generated at a rather coarse temporal 

resolution (typically daily time steps, but also one and six hours have been 

reported in the literature). The output should therefore be disaggregated to 

higher temporal resolutions, often by applying a random cascade model (Molnar 

and Burlando, 2005). Rather simple random cascade models have been shown 

to yield good approximations when applied between 30 minutes and 2 days 

(e.g. Olsson, 1998). 
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Figure 4.4.Covariates for the current regional model (top tiles) and resulting 

estimates of extreme intensities (Middle and bottom tiles). From Madsen et al. 

(2017). 

 

 

There are quite a few applications of this approach in the literature and they 

report satisfactory performance (For examples see the above-mentioned 

papers). However, applying the method on Danish data proved difficult. Setting 

up the model as recommended was straight forward and it provided good 

extreme statistics for both daily and hourly data, but the calculated precipitation 
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extremes were however too low for durations around 6 hours. Several attempts 

of optimizing the disaggregation procedure were tested without success. It 

seemed as if the disaggregation method were too abrupt, i.e. the probability of 

starting and stopping rainfall was too high. Hence the procedure was not used 

for generating long records of precipitation because we believed that the rain 

series might not be trusted by the engineers for application purposes. The 

series were used to calculate climate change impacts on precipitation extremes 

under the assumption that the undercatch at 6 hours would be underestimated 

equally between current and future climates. 

 

A few other weather generators deserve to be mentioned as they have been 

developed in a Danish context. Sørup et al. (2012) avoids the disaggregation 

by defining a WG in a high-resolution volume domain and model a precipitation 

series using less parameters than RainSim. However, the model has not been 

developed and tested sufficiently to be able to quantify the potential for 

regionalization. Sørup et al. (2017) develops a deterministic WG to simulate 

future climates based on a precipitation series from current climate and show a 

satisfactory performance. Thorndahl et al. (2017a) describe a procedure by 

which many precipitation series are developed and then a few suitable series 

are selected based on indicators for both monthly and extreme performance. 

We compared some of the most promising methods, reported in Sørup et al. 

(2018), and conclude that there seem to be progress and that the artificial 

precipitation series can be used with caution for impact studies of complicated 

processes. However, the method is still not sufficiently developed to be applied 

in standard engineering applications.  

 

4.3 Modelling of precipitation extremes in future climate 
 

It is well known that emissions of human GHGs is changing the climate, in 

general leading to increased temperatures. By means of Global Circulation 

Models (GCMs) it has been shown that this will change the hydrology 

significantly, with increasing water availability in some regions and less in 

others. The prediction of change is more uniform for the hydrologic extremes. 

The CMIP3 (Coupled Model Intercomparison Project Phase 3) feeding into the 

IPCC AR4 showed that when dividing land areas into 26 regions each of these 

regions should expect higher precipitation extremes using daily output and 
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spatial resolutions of 100 – 400 km by the end of the century for the three most 

like scenarios (IPCC 2012). When using the A1B scenario not a single of these 

model simulations indicated decreasing or unchanged extremes in any of the 

three European regions. This section discusses how to convert this information 

into a scale of relevance for urban hydrology. The purpose will be to calculate a 

climate factor, CF, for a predefined T-year event, location l, and precipitation 

duration tc as (Arnbjerg-Nielsen, 2012): 

 

 

 𝐶𝐹 , , ,∆
𝑧 , , , ∆

𝑧 , , ,
 (4.2) 

 

where t denotes present time and Δt represents the length of the projection 

period. Often only some of the subscripts will be included.  

 

4.3.1 From global models to urban hydrology 

 

The frequently cited review by Maraun et al. (2010) states the need for post-

processing of the output from GCM models this way (references removed from 

citation): “Global climate models (GCMs) are the primary tool for understanding 

how the global climate may change in the future. However, these currently do 

not provide reliable information on scales below about 200 km. Hydrological 

processes typically occur on finer scales. In particular, GCMs cannot resolve 

circulation patterns leading to hydrological extreme events.” 

 

Two very different methods are available when going to higher resolutions. One 

is to refine the spatio-temporal resolution of the atmospheric models, typically 

by nesting much higher resolution models within the global models and then do 

simulations using the global models as boundary conditions. The models are 

known as Regional Climate Models (RCMs). In this way first principles of 

conservation of mass and momentum are preserved to the highest possible 

degree, although parameters must be introduced to account for processes that 

are not yet resolved. Models are typically run in resolutions around 25 km and 

results are stored in temporal resolutions between one hour and one day. 

Repositories are emerging for all land regions (www.cordex.org). Even higher 

resolutions are currently being explored at which convective rainfall is explicitly 

resolved in Local Area Models (LAMs) (Kendon et al., 2014), but they are 
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computationally too expensive to be widespread yet. The model chain in this 

approach, known as dynamic downscaling, is indicated in Figure 4.5. The 

properties of RCMs are explored in section 4.3.2.  

 

 

 

 
 

Figure 4.5. Illustration of the modelling chain from Global Circulation Models 

(GCMs) over Regional Circulation Models (RCMs) to Local Circulation Models 

(LAMs). From Arnbjerg-Nielsen et al. (2013). 

 

 

Another approach is to apply statistical methods. The first approach was based 

on outputs from GCMs (Wilby et al., 2002), but more recent applications tend to 

be based on higher resolution outputs. All the statistical models rely on some 

property that is believed to be constant over time and/or space. The principle is 

outlined in Figure 4.6. Entity B is in this case extreme rainfall for urban 

hydrology applications while entity A are climatic variables that can be obtained 

with some certainty in both current and future climates. Hence, b and b’ is the 

extreme precipitation in current and future climate, respectively, while a and a’ 

are the properties derived from the climate models that are assumed to change 

between present and future climate in a similar manner. The main applications 

used based on this approach is described in section 4.3.3.  
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Figure 4.6. The principles of identifying analogues used in statistical 

downscaling. The vectors a, a’ and b are observable properties while b’ is not 

observable directly and hence inference is based on assumptions on analogies 

between the relationship between a’ and b’ being the same as between a and 

b. From Simpson (2011) based on Hesse (1966). 

 

 

4.3.2 Inference on extreme precipitation based on Regional Climate 

Models 

 

The standard temporal resolution of the output from RCMs are daily time series 

of precipitation. In the ENSEMBLES dataset this statistic is supplemented with 

the maximum hourly value for each day. Two of the models runs further had 

hourly time series of precipitation. All model runs were run for both present and 

future climates and any biases between the re-analysis data and the model runs 

in the present climate were taken into account when calculating the climate 

change over time. Figure 4.7 illustrate the differences in the actual numeric 

outputs from the models when compared to measured data. Based on the 

illustration in Figure 4.6 the objective is to identify the future extreme intensity b’ 
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(not shown) based on the intensity in current climate, b (black line), based on 

the causal change between a and a’ (grey solid line and grey dashed line, 

respectively). Needless to say, this is not a trivial issue since the bias between a 

and b for small durations are numerically much larger than the climate change 

signal, i.e. the difference between a and a’. 

 

 

 
 

Figure 4.7. Illustration of the difference between current point rainfall extremes 

for a return period of 5 years and the corresponding average estimate from a 

RCM. Observations are based on the SVK data while the RCM outputs are 

based on an RCM with a grid size of 12 km. Clearly the RCM is not able to 

capture the convective activity for small durations. The RCM used is an older 

version of one of the models included in the ENSEMBLES data; the result 

would be the same if a more recent RCM had been used. From Arnbjerg-

Nielsen (2012). 

 

 

The outputs were assessed on durations ranging from hourly to daily data. 

Three statistics were employed: Seasonal occurrences of extremes (e.g. 

Gregersen et al., 2013b; Mayer et al., 2015), spatial correlation structure 

(Gregersen et al., 2013b; Mayer et al., 2015) and moment scaling (Mayer et 

al., 2015; Sunyer et al., 2017).  

 

There is a large and increasing difference between the outputs from the RCMs 

and the point observations as a function of temporal resolution, see Figure 4.7. 

This can be accounted for by applying different thresholds for each of the 
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analysed temporal durations (Gregersen et al., 2013b). The SVK has a spatial 

correlation between extremes that rapidly decrease; 5-13 km away the average 

correlation has dropped to 0.36 (known as the e-folding distance). However, the 

e-folding distance for the two ENSEMBLES model runs with hourly time series 

are estimated to be at least ten times higher. The RISKCHANGE data are 

closer to the observed e-folding distances, but still exhibit much higher 

correlation (i.e. persistence in precipitation fields) than they should. The models 

also tend to have an overrepresentation of winter and spring events for short 

durations. Both Mayer et al. (2015) and Sunyer et al. (2017) apply analysis of 

moment scaling and find that there is an improved ability to describe the 

summer extremes better as a function of decreasing spatial resolution of the 

RCM. Still we concluded, that the hourly data does not provide information on 

convective precipitation that is much superior to the daily precipitation amounts, 

probably because of the lack of ability to simulate the convective precipitation 

fields. 

 

The RCMs were also studied with the intent of identifying the uncertainty of 

future projections for a given scenario. Preliminary results of climate change 

impacts showed relative small impacts with very low uncertainty, also for an 

ensemble of RCMs (e.g. Hanel and Buishand, 2010). In fact the uncertainty was 

sometimes reported to be lower than the uncertainty of estimating extreme 

precipitation statistics in current climate! Identifying the actual uncertainty of an 

ensemble includes at least two steps. First the amount of independent 

information in the ensemble should be identified, i.e. correlation between 

models should be described. Such correlation may arise as a result of the same 

RCM being used for several model runs, different RCMs sharing 

parametrisation schemes or even numerical implementation of schemes, and 

because the same GCMs are used as model boundaries. A second 

shortcoming, known as model biases, is for some models to have known over- 

and underprediction of changes of some variables, e.g. extreme precipitation, 

as a function of the mean value of that variable. In other words, some models 

show too much or too little variation in key variables over the spatial model 

domain in current climates. It is likely that this model behaviour will also be 

present when simulating climatic changes. This process was described in detail 

and modelled for the ENSEMBLES data for mean annual temperature (Boberg 

and Christensen, 2012). 
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We studied the impact of these two shortcomings of the RCMs in Sunyer et al. 

(2014, 2013a). The index used for the study was the 95th percentile of 

precipitation on wet days, corresponding to a return period around 0.2-0.3 

years. Sunyer et al (2013a) showed that there was a substantial correlation 

between the results when applying the entire ensemble of 15 members from the 

ENSEMBLES database. The correlation was highest between RCM simulations 

with identical an RCM numerical scheme forced by different GCMs. Two 

methods were employed, yielding a result of effective number of independent 

simulations of 6.2 and 9.0, respectively. In other words, the actual uncertainty of 

the mean value of the climate change was substantially higher than calculated 

assuming that the model runs were independent of each other.  

 

A model with five parameters was then defined and applied in Sunyer et al. 

(2014). The parameters represent the true mean in current climate, the true 

mean in future climate, bias in current and future climates, variance in current 

climate, and variance in the future climates. The results are presented in Figure 

4.8, comparing the results of applying the three assumptions: 

 
1. Models are independent and bias is constant between present and future 

climate. 

2. Models are correlated and bias is constant between present and future climate. 

3. Models are correlated and bias changes between present and future climate. 

 

Figure 4.8 clearly show that both the mean and the uncertainty of the projected 

changes are seriously underestimated using assumption 1. The expected 

change using assumption 3 is substantially higher than the uncertainty of the 

current climate and also the confidence intervals seem to be more reasonable 

from an intuitive point of view. We also noted that there is still around 15% 

probability that there will be no increase in extreme precipitation in Denmark 

based on the information in the ENSEMBLES data. The probability is probably 

lower due to other indications, but presumably still higher than typical levels of 

acceptance criteria used for hypothesis testing. 
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Figure 4.8. Calculated posterior distributions of the climate factor under the 

three set of assumptions. The dots shown along the x-axis are the calculated 

values for each model, the light grey line correspond to assumption 1 

(independent models and no bias), darker grey to assumption 2 (correlated 

models and no bias), and black line correspond to assumption 3 (correlated 

models and bias). The estimated uncertainty (as well as the mean value of the 

CF) is increased substantially as the assumptions become more realistic. From 

Sunyer et al. (2014). 

 

 

4.3.3 Three approaches to statistical downscaling 

 

Three types of statistical downscaling approaches have been applied to 

calculate climate factors for a projection horizon of 100 years: 

 
 PDS by grid point: A regional PDS model (Eq 4.1) is estimated for each grid point 

in both current and future climates. κ is fixed regionally, the other two 

parameters are estimated locally assuming no correlation between grid points. 

For each grid point the climate factor will be calculated, see Eq 4.2. Considering 

the principles for statistical downscaling in Figure 4.6 the main assumptions 

seem to be that the climate changes can be assumed to the same for the 
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gridded dataset and the point observations and that the changes between 

current and future climate can be assumed to be multiplicative. 

 WG (+disaggregation for hourly data): A NSRP WG is estimated using RainSim 

for each grid point in current and future climates of a RCM and also for current 

climate data. The estimated change in parameters are used to change 

parameters in the RainSim model for current climate and generate a time series 

using these parameters. Considering the principles for statistical downscaling in 

Figure 4.6 the main assumptions seem to be that climate factors can be applied 

on each of the 5*12 pseudo‐physical variables in the RainSim model and 

subsequently applied in a multiplicative manner on a model of observed data. 

It is also assumed that the principles for temporal downscaling will remain 

unchanged over time; however, this appears to be a quite reasonable 

assumption since the changes are small compared to the natural variation.  

 Climate analogues: Outputs from one or more RCMs are used to identify 

regions where the current climate resemble anticipated future climate at the 

location of interest as described in Figure 4.6. Here the statistics in the RCMs 

are more robust than for the other methods and hence this method relaxes the 

assumption of multiplicative change. On the other hand it is very sensitive to 

the assumption of the local data in the new region being representative for the 

current climate in the region. As discussed in Arnbjerg‐Nielsen et al. (2015a) it 

was quite difficult to obtain such data for the relevant regions. 

 

Figure 4.9 gives an overview of all the results including measures of variation 

for methods where this is possible. Table 4.2 gives details of what data are 

used for each of the results included in the figure.  
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Table 4.2. Overview of data and methods used to assess climate factor for hourly and daily durations.  

 

 Method Data for hourly CF Data for daily CF Reference 

Grey Dependent + bias-

corrected, “True” 

uncertainty 

n/a ENSEMBLES daily Sunyer et al (2014) 

Green PDS by grid points ENSEMBLES 1 h max ENSEMBLES daily Sunyer et al (2015) 

Blue  WG on CGD ENSEMBLES + CGD 

daily values +  SVK for 

disagg 

ENSEMBLES + CGD daily 

values 

Sunyer et al (2015) 

Purple Climate analogues 

 

ENSEMBLES daily + 

local IDF-curves 

No local statistics for daily 

data available 

Arnbjerg-Nielsen et al (2015a) 

Orange circle PDS by grid point 1 h max 6° Daily 6° Arnbjerg-Nielsen et al (2015b) 

Yellow circle PDS by grid point   * 

Orange and 

yellow triangle 

Spatial WG on part 

of Zealand 

HIRHAM5 + Hourly SVK HIRHAM5 + Hourly SVK Sørup et al (2016)* 

Red bars    Spildevandskomiteen (2014) 

*   Results are not documented, only reported in Figure 4.7.  

** The spatial weather generator is described in this paper, but the precise method and the results were omitted from the final version of 

the paper. 
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Figure 4.9. The estimated CF based on hourly (left) and daily (right) data. Dots 

indicate mean values and the vertical lines indicate 68% confidence intervals of 

the sample variation. These confidence intervals are known to underestimate 

the actual variation. For comparison the estimated confidence intervals using 

more realistic assumptions are shown for approximately 0.2 years based on 

Sunyer et al. (2014) using an A1B scenario. The red bars indicate subjective 

guestimates for mean and 84percentiles of scenario-independent CFs, since 

the Danish design practice recommends to use this safety level for design. 

These CFs are currently implemented into Danish design practice. From 

Gregersen et al. (2014b). 

 

 

4.3.4 Summary  

 

The past and present design levels for a two year return period of extreme point 

precipitation are illustrated on Figure 4.10. The recommended design intensity 

for Søborg in Copenhagen has varied between 12 and 14 μm/s during the 

second half of the 20th century, starting and ending in the lower end of this 

interval. Given the analysis of long historical records, it is now anticipated that 

the best estimate of this value in the beginning of the 21st century is in the upper 

end of this interval. It remains difficult to project future changes given our poor 
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understanding of extreme precipitation in general and inter-decadal variation in 

particular. Given our current understanding of climatic changes and likely 

scenarios we should expect that by the end of the century the design value has 

increased to 17 μm/s. There is however also a substantial likelihood that the 

design value at that time will be higher than 20 μm/s, and likewise there is a 

small likelihood that – given that GHG emissions are reduced rapidly – the 

design value may still be close to 14 μm/s. 

 

 

 

 
 

Figure 4.10. Past, present, and projected values for a 2 year event with a 

duration of 10 minutes for Søborg, Denmark, as included in SVK guidelines 

since 1950. SVK26 denote the first recommendation based on Madsen et al 

(2002), SVK27 the first recommendation on considering climate change impacts 

in urban drainage design, SVK28 and SVK29 the updated regional model based 

on Madsen et al. (2009) and Arnbjerg-Nielsen (2012), NRM and CF standard 

and CD high represent the values based on the most recent recommendations 

(Madsen et al., 2017) and the results summarized in Table 4.2 and Figure 4.9. 

Diamonds represent year of publication of the guideline, solid lines represent 

years of measurements used to estimate the design intensities and dashed 

lines represents suggested projections from the guidelines. 
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4.4 Concurrent extremes in current and future climate 
 

A sea surge occurred on the South Eastern coasts of Denmark on the evening 

of 04 January 2017. The press was thrilled; there were no other news of 

importance on this first week of 2017. TV channels had excellent footage, 

because visibility was perfect. Perhaps a bit of drama was missing since all 

contingency plans were working well and the water was rising steadily and very 

quietly. Only afterwards did the questions emerge: at other surges there has 

been heavy winds, precipitation and high waves. What was the probability of 

being hit by several hazards concurrently? This section discusses the possibility 

of being hit by several water hazards concurrently.  

 

In general there are four types of flood hazards: 
 Pluvial flooding (also denoted flash floods or surface flooding). This type of 

flooding is typically caused by extreme precipitation events as the ones 

described in sections 4.1 and 4.2. 

 Fluvial (also denoted riverine) flooding. This type of flooding usually arises 

when the routing capacity of a river stretch is exceeded. 

 Surges (or sea surges). This type of flooding occurs in coastal regions when high 

winds push water on shore. 

 Groundwater flooding. This type of flooding occurs when groundwater aquifers 

are overloaded leading to surface flooding. 

This section briefly examines the probability of these hazards to occur 

concurrently. If they are not correlated then the probability of them happening 

concurrently is negligible. As an example assume that the hazards affect each 

other if they occur on the same day. Then the probability of a two year hazard 

occurs simultaneously corresponds to an event that occurs approximately every 

1500 years if they are not correlated. That is an increase of the probability of 

700 times compared to the situation where they are completely correlated. Also 

the window of influence is important. If it is enough that they occur the same 

year, then the differences in probability is only doubled. 

 

Tropical hurricanes are examples of events that lead to very high correlation 

between the hazards; when they hit land, they lead to sea surges and the 

massive thunderstorms and frontal storms lead to massive pluvial and fluvial 

flooding. In Denmark however thunderstorms are rarely, if ever, associated with 
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sea surges. The reason is a pronounced seasonal variation in the extremes with 

currently very little overlap between the economically most important types of 

hazards, see Table 4.2. As also indicated the overlap may become higher in the 

future because of changes in the climate. 

 

 

Table 4.3. Overview of predominant occurrences of types of water hazards by 

month in Denmark and their economic impact in present (shaded) and future (X) 

climates. Economic cost assessments are based on Refsgaard et al. (2013), 

Christensen et al. (2014) and Arnbjerg-Nielsen et al. (2015b). 

 Relative cost Predominant occurence 

 now future M J J A S O N D J F M A 

Pluvial1 ++ +++(++) X X X X X X       

Fluvial2 + +        X X X X  

Surges3 (+) +++++      X X X X X   

Ground-

water4 

+ +       X X X X X  

1 Many refs from section 4.2, e.g. Gregersen et al. (2013a). 
2 Sonnenborg et al (2006), Thodsen (Thodsen, 2007), Christensen et al. (2014). 
3 Pedersen et al. (2012). 
4 Sonnenborg et al (2006). 

 

 

Descriptions of the joint probability distributions can be done by describing the 

marginal distributions of each of the hazards in combination with a copula 

function describing how the hazards are correlated (Sklar, 1959, cited by Zhang 

and Singh, 2007). There are many types of copula functions and selection of 

the right type of function and estimation of the parameters is by no means 

simpler than choosing the marginal distributions. However, the method has one 

key advantage over general multivariate models: the marginal distributions can 

be selected and described independently of the copula function. 

 

Pinya et al. (2009) studied the correlation between extremes statistics of runoff 

from the Vidaa River in Southern Jutland, Denmark using Copula functions. The 

hazards explored are fluvial flooding and sea surges. They use two flow gauges 

situated approximately 4 km apart in different sub-catchments and both having 
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a distance of approximately 20 km to the coastline. Using a non-parametric 

statistic, Kendalls τ, they find that there is a high positive correlation between 

extremes of the two flow gauges. The correlation between the extremes of the 

flow gauges and the sea level is very low, one being slightly positive, while the 

other is slightly negative. So the seasonal dependency between these two 

hazards indicated in Table 4.2 does not seem to influence the overall impact of 

these hazards. At least this case study indicates that the hazards do not 

influence each other. The study seems to confirm both the calculated 

correlation between precipitation extremes described in section 4.3.2 and the 

correlation between different types of hazards described in Table 4.3. 

 

Pedersen et al. (2012) did a similar analysis of rainfall and sea surges for 

current and future climates, using anticipated changes in wind data to estimate 

the seasonal changes of the occurrence of sea surges. The expected sea level 

rise was assumed to be 0.5 m, i.e. somewhat lower than what is expected 

today. Using the same methodology as Pinya et al. (2009) we also calculated 

very small values of Kendalls τ. We showed that the correlation could be 

assumed to be due to random occurrences only governed by the seasonal 

variations only by means of Monte Carlo simulations. Subsequently we 

calculated the change in probability due to expected climatic changes using the 

anticipated changes in seasonal occurences, see Figure 4.11. The calculated 

increase in probability between future and current climate is one to three orders 

of magnitude, primarily caused by the changes in sea level rise, see Figure 

4.12. In a business-as-usual scenario the most damaging events shifts from 

being caused by pluvial storms to being a concurrent event consisting of both 

extreme precipitation and sea surge.  
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Figure 4.11. Concurrent data for extreme water levels and extreme rainfall for 

Copenhagen (1979-2008) used to calculate correlation between precipitation 

extremes and extreme water levels. Lines indicate thresholds for belonging to 

the extreme part of the observations for individual hazards. From Pedersen et 

al. (2012).  

 

 

 
 

Figure 4.12. The ratio of probabilities for current and future climates for 

Copenhagen based on Monte Carlo simulations including the expected 

increased rate of joint extremes because of changes in seasonal occurences 

and marginal distributions of pluvial hazards (maximum rainfall over 3 hours) 

and sea surges (maximum water level). From Pedersen et al. (2012). 
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Åstroem et al (2016) applied weather typing based on circulation patterns on 

data from Århus using a very low criteria for weather extremes, corresponding 

to up to 20 events per year. We demonstrated that there was some causal 

relationships between extreme rainfall and sea surges, with some weather 

types having an overrepresentation of extremes (westerly winds) while others 

had an under-representation. Using this information together with expected 

changes in circulation patterns from two RCMs we calculated that the increase 

in concurrent events would be higher than for each of the hazards assessed 

individually. The same tendency is discussed in Arnbjerg-Nielsen et al. 

(2015b), primarily based on changes in the seasonal occurrences shown in 

Table 4.3. 

 

4.5 Needed modelling accuracy in propagating to hazards 
 

As discussed in section 2.4 modelling of urban drainage serves many purposes 

and it is hence unlikely that one modelling concept is ideal for all modelling 

purposes. Any utility must have a model that is capable of projecting changes to 

the physical infrastructure in order to check compliance in current and future 

states. This corresponds to developing a model that is as close to model type 3 

in Table 2.2 as possible while keeping calculation times at a reasonable level. 

Typically this leads to a model with some thousands of calculation nodes where 

simulation of one large event in 1D takes from half an hour to several hours. 

Extending to 1D2D flood models the calculation times are increased by a factor 

of 2 to 10. This baseline model is closely related to the assets database and 

hence reasonably easy to maintain over time. It is also relatively easy to cut out 

parts of the model to consider changes in sub-catchments. 

 

When considering planning under deep uncertainties the level of complexity is 

however quite vast and the computational costs are prohibitive. Löwe et al. 

(2018, 2017) demonstrate that it is possible to do thousands of flood simulations 

in an automated way and this way make inference on uncertainties of 

projections and efficiencies of adaptation options. However, computations took 

months in an HPC environment for both case studies. Extending to do 

simulations of time series for e.g. designing for dissolved oxygen depletion in 

rivers is still not feasible. So model simplifications must remain a focus, 

especially when propagating drivers into the future where the epistemic 
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uncertainty of the drivers are of much higher importance than the uncertainty of 

input data to the hydraulic and hydrologic models. This topic is an on-going 

activity with studies focusing on reducing the number of calculation points in the 

1D engine (Davidsen et al., 2017), simplifying the computational scheme 

(Thrysøe et al., 2019) or simplifying the flood calculations on the surface 

(Jamali et al., 2018). The implications of risk assessments also imply 

calculations for very high return periods where e.g. runoff from green surfaces is 

substantial, thus increasing the loading of the system (Davidsen et al., 2018). 

The spatial scalability of decentralized versus centralized measures for risk 

reduction is discussed in e.g. Locatelli et al (2014, 2017). 

 

4.6 Summary 
 

The analysis of historic records show that the very significant changes in 

precipitation extremes over the last decades are most likely caused primarily by 

natural interdecadal variation. The changes are being exacerbated by the 

warmer climate. If the interdecadal variation continues as it has done 

historically, it is likely that there will be a period of relatively few precipitation 

extremes in the coming one or two decades, before the natural variation and 

climatic changes will lead to an unprecedented level of precipitation extremes. 

However, the understanding of the cyclical behaviour is poor, essentially leaving 

us without any predictive skills on precipitation extremes on hourly and sub-

hourly scales on the decadal scale. 

 

The work undertaken has extracted the available information from both past 

observations and future models of extreme point precipitation in Denmark. The 

analysis is jeopardized by a lack of observations of convective precipitation 

patterns before 1979. There is a similar lack of information when considering 

the models used to explore future behaviour of precipitation extremes. There 

may be differences between climate change impacts on convective rainfall on 

the hourly and sub-hourly scale that remains to be revealed. Studies are 

emerging on this topic based on convective-permitting (non-hydrostatic) high-

resolution regional climate change models as well as improved observations of 

spatial precipitation. There is also progress with respect to develop rainfall 

series for assessing the impacts that cannot be calculated based on design 

storms, but further development is still needed. 
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The understanding of concurrent hazards are still rather low. It is clear that 

Denmark is a safehaven so far, with a very low probability of concurrency. 

However, it has been justified that most likely the probability of concurrent 

hazards will increase substantially more than the probability of the individual 

hazards. This is an aspect that is currently not well considered in water planning 

and management. 
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5. Modelling exposure and vulnerability 

In Denmark the status on flood exposure and vulnerability in 2008 was that it 

was recognized that unambiguous definitions were needed and a quantitative 

method for calculation of especially vulnerability was needed. The fact that both 

exposure and vulnerability might also vary over time was not yet recognized. 

The limited knowledge on the international scene was primarily occurring within 

a setting of catchment hydrology. 

 

This led to the following specific objectives for the research during the past 

decade: 
 Define damage functions based on available Danish data in accordance with 

international standards 

 Exploration of the importance of non‐stationary processes for both 

vulnerability and exposure. 

 Enable projections of exposure by considering how city development occur and 

which drivers are the most important in this context. 

 

This chapter describes the work undertaken and the key results of pursuing 

these objectives. There has been substantial progress within the field both in 

Denmark and internationally. The key developments in understanding the 

dynamics of vulnerability and exposure are however occurring outside of 

Denmark and hence a substantial focus has been on ensuring that Danish 

practice was in accordance with international state-of-the-art. 

 

5.1 Vulnerability 
 

In Chapter 3 vulnerability is defined as the expected losses if an asset is 

exposed to a hazard. The framing of the vulnerability is important. This can be 

illustrated by the typical newsfeed from a large flood. It seems to consist of the 

following steps, occurring within a few weeks: 
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1. During the disaster there are stories about people and how they are affected by 

outlining narratives of the importance of their losses. Typically anxiety, loss of 

memorabilia, etc. is highlighted.  

2. The first estimates of insured losses are published, focussing on the importance 

of how society got poorer by not preparing sufficiently for the event. 

3. Stories about the benefit of the damage emerge, focussing on activating the 

money stored in insurance companies, leading to more employment options in 

the area. 

 

None of the stories are wrong, but the framing is obviously very different. 

Together they highlight important aspects of assessing vulnerability. Firstly, 

assessing the costs is difficult, because the losses that people experience may 

not be reflected in the insurance payouts. Secondly, some of the losses that 

some people experience may be seen as benefits to others. This will be 

discussed further below. 

 

5.1.1 Economic or financial assessment 

 

The majority of studies focusing on flood vulnerability apply what economists 

denote a financial perspective, see Table 5.1. This is an assessment of the 

losses experienced by the people living in a flood prone area (e.g. Hammond et 

al., 2015; Merz et al., 2010; Merz and Thieken, 2009; Schröter et al., 2014). 

However, there are also benefits to a society when the damages occur, as 

pointed out by the news stories. If these are considered the economists usually 

apply an economic framework (e.g. Hallegatte et al., 2011). The benefits are 

largest for the industry and typically take into consideration that some of the 

losses to industry is compensated by gains by competitors and that there are 

benefits in upgrading the production equipment. It is also included that 

reconstruction in general benefits the society by increasing the economic 

activity. Hence the economic analysis include the temporal aspect as a very 

important feature, i.e. how long time it will take for society to recover in the 

aftermath of an event. 
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Table 5.1. Overview of important attributes of economic and financial damage 

assessments. Adapted from Olesen et al (2017). 

 Economic Financial 

Spatial scale Macro scale, i.e. nation or 

large region 

Micro- or meso scale, i.e. 

households, municipal, or 

catchment scale.  

 

Economic appraisal Real opportunity cost 

Depreciated asset values 

Taxes excluded 

 

Replacement cost 

Taxes included 

Indirect losses Business losses incurred if 

not compensated by other 

businesses within the 

area. 

Business losses included 

 

 

It is assumed that a financial framing is applied in the remainder of this chapter. 

The primary reason for this is somewhat subjective, although it may be 

supported by arguments. First of all it is in accordance with the traditional 

hydrological perspective of considering a catchment constrained by physical 

boundaries and modelling the key processes within the catchment. Secondly, 

the economic framing requires many assumptions about other societal 

processes and hence the focus on flood risk becomes less apparent. Finally, 

this approach seems to be predominant in the international literature on flood 

risk assessments. 

 

 

5.1.2 Typology of damages 

 

There are typically two dimensions in the typology of damages, each consisting 

of two types of costs. One dimension is whether there is a market on which the 

damage can readily be assessed or not, denoted Tangible and Intangible costs, 

respectively. The other dimension is whether the cost is a direct consequence 

of exposure to the water or not, denoted Direct and Indirect costs, respectively. 

This leads to four damage classes, see Table 5.2. For each of these classes 
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one or more relationship(s) between the vulnerability of the (sub-)class(es) and 

the other components of the risk must be established, typically in the form of 

stage-damage functions, i.e. the cost of exposing a type of vulnerable asset to 

an indicator of the hazard, e.g. water depth. 

 

 

Table 5.2. Overview of damage classes including examples. Adapted from 

Jonkman et al. (2008) and Olesen et al (2017). 

 Direct losses Indirect losses 

Tangible Structural damage 

Cars 

Infrastructure 

Livestock 

Disruption of businesses inside 

flooded area 

Evacuation and rescue 

operations 

Disruption to transportation 

Disruption of businesses outside 

flooded area 

Temporary housing 

Loss of industrial production 

Intangible Lives and injuries 

Diseases 

Loss of memorabilia and pets 

Damage to cultural or heritage 

sites 

Inconvenience 

Stress and anxiety 

Disruption of living 

Loss of community 

Lack of trust in public authorities 

 

 

Much attention is directed towards the tangible costs and sometimes the 

damage cost is even reduced to be the insured costs. However, as pointed out 

by e.g. Hallegatte et al. (2011), this is an important underestimation of the costs, 

even when assuming 100% insurance coverage. They asses that there is an 

additional direct damage of approximately 40% on top of insured costs due to 

damage to e.g. infrastructure and public assets. The intangible costs must be 

assessed using economic methods to reveal preferences or ethical 

considerations, much in line with the discussions in Chapter 3 on the limitations 

of using damage assessments for flood risk assessments.  
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Assessing the actual vulnerability is quite difficult and hence it is not feasible to 

make projections on how the vulnerability will change in the future. Technical 

innovations may be modelled however, assuming that it is possible to make 

local protection enabling exposure without damage.  

 

5.1.3 Climate change adaptation measures affecting vulnerability 

 

The concept of constant stage-depth functions intuitively imply that he 

vulnerability – and hence cost – is fixed for a given exposure and hazard. 

However, in many cases there are plenty of room for reducing the vulnerability. 

In the most simple case consider the difference between a population that 

knows what to do in case of a flood and one that does not. The first will know 

what to protect and how, leading to a reduced cost. One of the key learnings 

from the flood in Germany in 2002 was that oil tanks greatly increased the price 

of repairing the damages of single-family houses. Thus, protection of such tanks 

leads to much lower costs even if the exposure is the same (Merz et al., 2010). 

More generally, we studied 8 catchments with two flood events separated in 

time by two to 38 years and found that the risk was reduced substantially on the 

second event (H. Kreibich et al., 2017). The main reduction came from 

reducing the vulnerability and was obtained because both the general public 

and the authorities were better prepared for the hazard. 

 

5.2 Exposure 
 

In Chapter 3 exposure is defined as a listing of assets that are in harms way 

when a hazard occurs. Many climate change adaptation studies consider 

exposure to be constant, i.e. the number of assets exposed remain constant 

over time (e.g. Zhou et al., 2012; Copenhagen Municipality 2012; Danish 

Government, 2012). This may be the result of ignoring city development or 

assuming the no city development will occur in flood prone areas. In principle 

the latter may be possible; an enthusiastic implementation of the EU Floods 

Directive could lead to this result since spatial planning and land use are 

mentioned as key measures in the required flood management plans. So 

avoiding construction of new houses in flood prone areas might be seen like a 

simple and efficient measure. However, this is not a silver bullet in the case of 

pluvial flooding. First of all a substantial part of the pluvial flooding is caused 



 

 

90 Panta Rhei 

within the city; developing a neighbourhood may hence that some areas (and 

subsequently houses) will become flood prone due to the urban development 

itself (Locatelli et al., 2017). Secondly, new developments also increases the 

risk of downtown neighbourhoods and hence new buildings will become 

exposed for a given level of hazard. 

 

5.2.1 Impact of city development on pluvial flood risk 

 

History shows that city development does occur in flood prone areas. The most 

prominent example is the development in the continental USA, responsible for 

about two thirds of the global losses due to catastrophes. Still there has been 

intense city development in the most vulnerable areas, including cities like 

Houston, Miami, and New Orleans. This is a key reason why losses are 

increasing over time, although analyses indicate that the increase is “only” in 

accordance with economic growth (Weinkle et al., 2018). It seems reasonable 

to assume that historically urban development is driven primarily by factors such 

as increased population, increasing degree of urbanization, and increasing 

wealth per capita rather than flood risk management.  

 

Kaspersen et al. (2017) calculated that increasing the imperviousness in four 

European cities by 1% leads to on average 1% more area being flooded unless 

existing downstream infrastructure is upgraded. This was a surprisingly high 

impact to us. We also studied the relative importance of anticipated climatic 

changes and the historic city development. The results for Odense are shown in 

Figure 5.1. The results indicate that the historic development play a very 

important role and that if the sewer system is not upgraded then the impacts of 

the historic development corresponds to a relatively high climate change 

scenario, i.e. RCP8.5. Because climate change impacts are larger for larger 

return periods, the sewer systems are less efficient in reducing the impacts of 

flood risk arising from climate change than from city development. The results 

from the other three cities confirm the overall results although there are local 

variations. 

 

An example of urban growth is shown in Figure 5.2 for the city of Odense. The 

increase of the land covered by the city has more than doubled in just 50 years. 

Even more importantly, infill of existing neighbourhoods means that a much 
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larger proportion of the city is now considered fully developed. The fight for 

allocation of space in the city development is high and it is unavoidable that 

flood risk will be ignored in some cases to harvest other benefits to society, 

thereby increasing flood exposure. In other words, the city development are not 

dominated by flood risk considerations, but flood risk is an outcome of city 

development. In a modelling context this means that the resulting flood risk will 

an outcome given different scenarios for city development and strategies for 

flood risk mitigation under these scenarios. 

 

 

 

 
 

Figure 5.1.  Average annual change in the total flooded area due to the impacts 

of historic urban development (UD) and future climate change (RCP 4.5 and 

RCP 8.5) on extreme precipitation for different return periods (RP 10–RP 100). 

UDd represents the drainage system updated to follow changes in 

imperviousness caused by urban development. RCP 45d and RCP 85d 

represent the drainage system updated to follow changes in precipitation 

intensities caused by climate change. Error bars represent low/high infiltration 

rates and low/high climate factors (CFs) respectively (low CF is in the 10th 

percentile and high CF is in the 90th percentile). From Kaspersen et al. (2017). 
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Figure 5.2. City development in and around Odense city between 1959 (top) 

and 2009 (bottom). During this 50 year period the spatial extend of the city has 

almost doubled. Distance between grid lines in bottom figure is 1 km. Maps 

downloaded from Geodatastyrelsen (2018). 
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5.2.2 Modelling city development 

 

The previous section made a strong case for the necessity of including city 

development into a dynamic flood risk assessment. However, projections of city 

development are deeply uncertain (Lempert, 2002) because many of the drivers 

are inherently uncertain and it is poorly understood what mechanisms are 

driving the development and how they interact. Still, projections of future city 

developments may yield important insights into what is recommendable 

strategies and which strategies will lead to poor performance for urban water 

management given a set of reasonable assumptions (e.g. Ashley et al., 2005; 

Semadeni-Davies et al., 2008). Hence the purpose of the city development 

model is not the make accurate projections of the future state of the city but to 

test strategies under a range of scenarios, sometimes referred to as explorative 

modelling (Rauch et al., 2017; Walker et al., 2013). A key shortcoming is the 

ability to make projections that encompass the likely trajectories. Otherwise 

poor strategies may be selected, as illustrated by the recent overinvestment in 

infrastructure in Eastern parts of Germany because the dynamics in relation to 

the unification were poorly understood (Moss, 2008). 

 

City development models can broadly be categorized in two groups. One group 

simulates the development of the urban form by self-reproducing patterns in a 

raster format based on cellula-automata theory. The other major group is based 

on simulation of thousands of small agents making rational (economic) choices 

on where they want to live, work etc. There are also examples of models that 

describe cities by their scaling properties like the ones used for precipitation 

(see section 4.2.3). These models can however not be used to make 

projections since they require information about the future, i.e. they cannot be 

brought on a Markovian form where predictions are possible based only on past 

information. 

 

Both types of models have been utilized for projecting city development in 

relation to urban water infrastructure and both were developed as part of EU 

projects. In CORFU, cellular automata methods were produced to mimic the 

development of megacities, e.g. Beijing (Veerbeek et al., 2015). The software 

Dance4Water was developed as part of the PREPARED project. Dance4Water 
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in principle uses an agent based approach to simulate possible trajectories of 

future developments. However, the agent based models were replaced by 

simpler, heuristic rules due to difficulties in obtaining the required data for the 

urban catchments (Rauch et al., 2017; Urich and Rauch, 2014). The model 

output from the Dance4Water model describes possible realisations of the 

future urban form including building footprints, see Figure 5.3. There is clearly a 

difference between the two projections, with the Business-As-Usual (BAU) 

strategy favouring uncontrolled infill while the Water Sensitive Cities (WSC) 

strategy favours multi-storey buildings, with more green space in the city. Hence 

the population density is the same, but does not use the same building footprint, 

which was exactly the purpose of developing these two strategies.  

 

 

 
 

Figure 5.3. Examples of simulated urban form in part of the Scotchman’s Creek 

catchment in Melbourne under two different strategies both assuming high 

urban growth rates. BAU and WSC denotes strategies of Business-as-usual 

and Water Sensitive Cities, respectively. From Löwe et al. (2017). 

 

 

Both the dominating methods thus have shortcommings, the required data is 

rarely available for agent based models and the cellular automata methods is 
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basically a black box method that is difficult to apply in combination with 

scenario developments. However, the current planning documents describing 

anticipated city development in Denmark only reach 12 years into the future and 

are by nature deterministic, see Figure 5.4. This is too short a time horizon to 

enable reasonable assessment of strategies for urban water management 

based on infrastructure that has a technical life time of many decades. 

 

Löwe et al (Accepted) explores a third approach, based on exploration of 

(relatively recent) historical data. It models the probability of city development to 

occur based on distance to a few attractors for a number of building types. 

Using only four types of attractors (distance to city centre, marine areas, green 

space, and motorway junctions) and four types of building types (Commercial, 

Residential, Block Residential, Detached Residential) results in quite 

complicated patterns of probabilities of development with clear distinctions 

between the different building types and a high proportion of correct samples in 

cross validation (above 75% for all building types). Examples of the patterns are 

shown in Figure 5.4. The advantage of this model is that it also allows for more 

drastic developments such as introduction of a light rail connection or other 

major infrastructure works that changes the attractiveness of certain locations.  

 

5.2.3 Climate change adaptation measures affecting exposure 

 

The majority of engineering solutions focus on adaptation solutions that reduce 

exposure. Some of the first studies in Denmark considered either increasing 

piped sewer system or decentralized infiltration for pluvial flooding and dikes for 

sea surges (Arnbjerg-Nielsen and Fleischer, 2009; Hallegatte et al., 2011; 

Pedersen et al., 2012; Zhou et al., 2012). As pointed out by e.g. Refsgaard et 

al. (2014) it requires extra assumptions on the validity of models, but overall the 

modelling paradigm remains the same as for any other study on engineering 

measures as part of water management (Löwe et al., 2018, 2017). Rogers et 

al. (2016) extends this to exploring and comparing a range of both structural 

and non-structural measures for two catchments in Australia: 
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Figure 5.4. Illustration of the difference between planned and actual 

development for Odense. The top figure shows the 15 well defined main areas 

where urban redevelopment is foreseen over the next 12 years while the bottom 

figure shows the probability of development for the last 20 years for commercial 

buildings (left) and detached residential houses (right). Bottom figures is 

adapted from Löwe et al (Accepted). 

 

 
 Flood zoning (no city development in flood prone areas + removal of existing 

houses) 

 Increasing free board 

 Rainwater harvesting 

 Modifying street profiles 

 Upgrading pipe capacities 
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 Extra retention volumes by creating local depressions 

 Gates and pumps to protect against sea surges 

The measures focussing on vulnerability in the same study encompasses local 

flood proofing in flood prone corridors, increased maintenance, and community 

awareness, of which only the first measure is implemented in the modelling of 

the catchment. 

 

5.3 Summary 
 

The understanding of vulnerability in a Danish context is much better than a 

decade ago. Unfortunately this has to some extend been because of severe 

urban flooding, yielding good data for the analyses. However, selection of 

indicators and assigning damage functions to these indicators remains an issue. 

Since the vulnerability is key to calculating the overall risk and hence the 

economic value of reducing the risk there may also be political differences 

between different stakeholders wishing to downplay or highlight the importance 

of flood risk management. The uncertainty in relation to insured costs have 

reduced significantly over the last decade and hence for the insurance sector 

the development have been positive. 

 

It has been recognized that changes in exposure frequently occur in an urban 

context and that these changes are most often not driven by flood risk 

management. This emphasises the importance of using spatial planning as a 

key measure in climate change adaptation but also calls for more advanced and 

computationally more expensive analyses if this deep uncertainty is to be 

embedded in climate change adaptation studies.  
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6. Informing and communicating to enable 

decisions on flood risk  

Mobility in society was low for the majority of the population until after the 

Second World War. As a result the awareness of which areas were susceptible 

to flood risks was part of the narrative of the area and hence always considered 

when doing spatial planning. Today there is less knowledge of attributes of local 

areas and they are also changing because of development. This has called for 

ways of generating the knowledge and present it to people in a more formalized 

form. The purpose of this chapter is to explore ways of doing so.  

 

The status on communication of flood risk in Denmark was at a very low level in 

2008. There were only little collaboration between different professions involved 

in climate change adaptation. Landscape architects argued for green spaces in 

the cities to mitigate urban heat island impacts, avoid dry habitats, and enhance 

liveability, while water engineers considered how to deal with anticipated 

changes of extremes by increasing grey infrastructure. There was more 

competition than collaboration. Communication was further made difficult by 

new regulation separating water utilities from municipalities. The new 

organizations had to define boundaries of collaboration and success criteria. By 

default the new water utilities managed according to engineering standards that 

only considered return periods up until a maximum of 10 years. The 

municipalities were responsible for contingency planning, including water 

extremes. Hence the default was a division of responsibility that might lead to 

sub-optimal technical solutions. Finally the new technology of creating flood 

hazard maps and flood risk maps based on LIDAR-based Digital Elevation 

Models was being considered with some suspicion. There were strong voices 

advocating that such information should be shared with the public. 

 

I was part of forming and was the leader of a large network of stakeholders of 

utilities, municipalities, research organizations, technology suppliers, 

consultants and NGOs that helped facilitate discussions and collaboration and 

form joint research questions. From 2009 to 2019 the Innovation Partnership 
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Water In Urban Areas (www.vandibyer.dk) has facilitated collaboration and 

curiosity between stakeholders. Although only few publications credits the 

network it has been important in framing many people in the Danish research 

community. More formal and specific objectives for the research during the past 

decade were the following: 

 
 Identifying what (types of) information should be presented to different types 

of stakeholders in order to facilitate good decisions. 

 Explore the overall uncertainties of current and future flood risks and the 

impact these have on decision‐making. 

 Explore what framings would be suitable for climate change adaptation and 

enhance the implementation of liveable cities by engineers and other 

stakeholders working together, recognizing the complex interactions between 

people and nature. 

 

This chapter describes the work undertaken and the key results of pursuing 

these objectives. The work is deeply embedded in engineering science. 

Therefore there will be no discussion on decision-making, but on how science 

and engineering can present results in a way that enable good decision-making. 

There is still no consensus in Denmark about how much and when climate 

change adaptation should occur, nor is the organizational setup aligned with 

international recommendations, or even the same for pluvial flooding and sea 

surges. Based on the work described in Chapter 4 it seems clear that there is 

much at stake for society since especially sea level rise will affect a large 

proportion of the assets in Denmark. The chapter will bring examples from both 

pluvial flooding and sea surges as the problem of enabling good decisions is the 

same for both hazards, whether they occur concurrently or not.  

 

The chapter will be organized in two subsections, one exploring the framing of 

climate change adaptation and flood risk management on a spatio-temporal 

scale, the other by considering to what extend uncertainty should be included in 

the assessments and communicated to other stakeholders. 

 

Two notes of caution are relevant as disclaimers:  
 Recent events show that flood risks are difficult to predict because of complex 

interactions, typically leading to an underestimation of the actual risk. It can be 
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the size of the event that goes beyond the imaginable like the pluvial storm in 

Greve in Denmark in 2002 or it can be the secondary consequences, like the 

global shortage of e.g. electronics parts following the flooding of Thailand in 

2011 (Haraguchi and Lall, 2015). Merz et al. (2015) describes this as elements of 

surprise and attributes it to cognitive biases in the professionals and calls for 

robust and adaptable measures in flood risk management. 

 While writing this thesis the IPCC published the Summary for Policymakers of 

IPCC Special Report on Global Warming of 1.5ºC approved by governments. The 

information was quite important, essentially saying that the dangerous climatic 

changes would occur already at 1.5ºC. The publication was head news for less 

than 24 hours on both Danish and German news sites.  

 

So ensuring that the best possible information is available may not be sufficient, 

both because it may be biased and because it may not receive the attention it 

deserves.  

 

6.1 Choosing the proper spatio-temporal framing 
 

This section distinguishes between three levels that seem to be dominating in 

relation to decision-making: i) Specific projects or projects with only one 

stakeholder, typically the water utility, ii) strategic planning where the outlook 

goes beyond a single project and involves more stakeholders, but still focuses 

on a limited scale such as a catchment, and iii) Strategic planning for large 

scales, including consideration to e.g. global resource consumption and/or the 

UN Sustainable Development Goals. Identifying proper titles for these levels are 

not straightforward. In the end the levels have been denoted project or utility 

level, strategic planning for local societies/catchment level, and strategic 

planning linking to the global level, respectively. 

 

6.1.1 Project or utility level 

 

The most simple framing is to have a fixed engineering design criteria and use 

the best possible data and models to get as close to the design criteria as 

possible. This was the objective of the development of deterministic 

hydrological and hydraulic models in the 1980ies and 1990ies as outlined in 

Figure 2.5. As indicated in Figure 2.1 it is also later recognized that both the 
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current design value and how it will develop in the future is inherently uncertain. 

Mikkelsen et al. (1997) introduced the concept of safety factors to the 

uncertainty of the design value based on assessment of uncertainty arising from 

using relatively short precipitation series for design. The concept was integrated 

into design practice in Denmark 2005 (Spildevandskomiteen, 2005), in general 

recommending a safety level corresponding to the 84percentile. The underlying 

rationale was that designing too large infrastructure is much cheaper than 

enlarging it (shortly) afterwards. The recommended factors to consider was data 

and model uncertainty (including the precipitation), probable increase in degree 

of hard surfaces, and expected climate change impacts. Figure 2.1 is an 

extension of the figure used for illustration in Spildevandskomiteen (2005), 

highlighting that the 84percentile may not be the only good choice.  

 

The study by Arnbjerg-Nielsen and Fleischer (2009) showed that this 

principle was economically very favorable if the assumptions of climate change 

were accurate. Gregersen and Arnbjerg-Nielsen (2012) applied game theory 

on climate change adaptation on the same data. We showed that adaptation to 

the most severe climate change scenario was the most favorable strategy by 

exploring cost of climatic changes corresponding to climate factor ranging 

between 1.0 and 2.0. Arnbjerg-Nielsen et al. (2015b) analyzed consequences 

of even higher climate change impacts and also indicated that quite aggressive 

strategies were favorable. 

 

Arnbjerg-Nielsen (2011) extended the discussion from Spildevandskomiteen 

(2005) to include more uncertainties, in particular on rainfall. One discussion 

related to the choice of the percentile, essentially stating that this must be 

related to the relationship between cost of overdesign versus underdesign. 

Another important aspect is who will harvest the benefit from aiming at a higher 

than 50percentile during design. The guideline essentially gives society more 

than it plans for; on average a sewer system planned for a capacity 

corresponding to a 10 year return period would have the capacity exceeded 

every 40-70 years given current understanding of the uncertainties and 

recommendation for implementation. In the paper is was argued that as a 

counter-measure a similar protection against automatic upgrading should be 

implemented, i.e. not upgrading the infrastructure just based on model outputs. 

Instead upgrading should occur only when pipes needed replacement because 
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of bad physical conditions or because observations had shown that the 

performance of the system was not satisfactory. 

 

A simple table was made of acceptable exceedances, corresponding to a 

16percentile acceptance of the true rate of occurrences, based on the Poisson 

model. As an example, three exceedances occurring in less than 14 years 

should lead to upgrading of the infrastructure if the design criteria was once 

every 10 years. It was argued that by adopting this approach the citizens in any 

neighborhood would experience a trajectory outlined in Figure 6.1, i.e. that 

citizens most of the time, but not always, will get the service they have been 

promised. More generally it recognizes urban infrastructure as a dynamic part of 

the city functions, with measures that both increase and decrease the 

performance. This means that structural measures must be taken over time to 

adapt the infrastructure to new circumstances. This approach was discussed 

quite intensely within water utilities but abandoned because of the recognition of 

the substantial climate variation discussed in Chapter 4. Essentially the very 

high frequency of precipitation extremes occurring over the last decade due to 

climate variation would have resulted in very substantial upgrading of the sewer 

systems, in many cases due to the climate variation rather than actual 

underperformance of the water infrastructure. 

 

6.1.2 Strategic planning for local society / catchment level 

 

Society may sometimes influence the actual design as indicated on Figure 2.2. 

In the most simple way this may be to perform an assessment of the current 

flood risk as outlined in Figure 3.4. However, in some cases the project 

considered will have other positive or negative impacts. Changing land use will 

in general change the economic activity in a region and may also introduce 

ecosystem services or loss of parking spaces, which should be considered in 

the analysis of a particular climate change adaptation measure. A full economic 

analysis should be employed if the measures are very large on a societal scale, 

e.g. by considering changes of work load in society or economic activity in 

general, see Table 6.1. 
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Figure 6.1. The random process of maximum annual extreme rainfall is 

illustrated by the continuous black line. The thick black line indicates the true, 

but unknown, design value for exceeding once in ten years. The dashed line 

indicates the true, but unknown, system capacity for the for the catchment. The 

dashed line varies due to e.g. city development and upgrading (or deterioration) 

of infrastructure. From Arnbjerg-Nielsen (2011). 

 

 

Table 6.1. Terminology for economic framing of the economic analysis. Each of 

the benefits and costs are assumed to be discounted to present values and are 

hence additive. The column Concurrent changes in society encompasses the 

economic impacts from Table 5.2 otherwise not considered.  

     

 Full economic analysis  

 CCA + co-benefits   

 Climate change 

adaptation 

   

     

 Flood reduction Ecosystem 

and other local 

impacts 

Concurrent 

changes in 

society 

Total 

Benefits Bf Bo Bc B = Bf+Bo+Bc 

Costs Cf Co Cc C = Cf+Co+Cc 

Total NPVf = Bf-Cf NPVo = Bo-Co NPVc = Bc-Cc B-C 
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In Zhou et al. (2013) we considered co-benefits of recreational value of urban 

eco-systems by creating small blue-green spaces in a catchment and assess 

the value of these by means of hedonic pricing. The NPV of the co-benefit was 

much higher than the NPV related to the climate change adaptation assuming 

these spaces were as valuable as actual nature around the city. However, some 

forms of blue-green areas could impact the area in a negative way, leading to a 

substantially negative NPV for the co-benefits. In other regions other factors 

may contribute substantially to the NPV by blue-green systems providing 

benefits in the form on urban heat island reduction, increasing water supply 

safety etc. This has led to the formulation of several new paradigms for urban 

water management that all are based on avoiding detrimental impacts of or 

maximizing benefits from alternative strategies to centralized solutions based on 

pipes (Fletcher et al., 2015). 

 

A key point of discussion is to which extend these new paradigms: 1) should be 

quantitative or qualitative in their comparison between the tangible and non-

tangible costs and benefits when compared to traditional systems, and also 2) 

whether it should be included in the analysis that particular solutions can be 

promoted or prohibited by different organizational setups. These discussions 

are still ongoing; in 2015 the Danish EPA launched their first tool to guide 

decisions on climate change adaptation. It was based on quantitative metrics, 

while the updated version in 2018 consists of both qualitative and quantitative 

metrics (Danish EPA, 2018). 

 

A key result is that the identified optimal level of protection against flood risk 

varies significantly with the framing and the way the scenario is constructed. 

Case studies in Denmark are still emerging and optimum levels of flood risk 

protection vary between return periods from 10 to 250 years in todays climate 

(!). Excluding co-benefits, including the trajectory of transitioning to new layouts 

of the city, ignoring unknown impacts from large events, and maximizing 

financing via the utility company seems to be favoring small protection levels 

and vice versa. Thus the framing indicated in Figure 2.2 remains of paramount 

importance for urban management in general and urban flood risk management 

in particular. There is now empirical evidence that the current framing may lead 

to efficient urban water management for small return periods but in general 
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leads to quite low levels of protection against flooding. This development is far 

from ideal given the discussion in Chapter 3 on giving relatively low priority to 

risk reduction from flood risk in general and for reducing flooding with high 

return periods in particular.  

 

6.1.3 Strategic planning linking to the global level 

 

Economic criteria should be replaced by the value they represent, resources, 

when analyzing on the global level. Life Cycle Assessments represents the 

structured way to do this comparison. Hennequin et al. (2018) studies three 

different locations in Denmark with the purpose of identifying resource 

consumption related to damages arising as a result of sea level rise, see Table 

6.2. We compare repairing houses versus the construction of a dike and find 

that the results depend on location. Construction of a dike is very favorable in 

Copenhagen because the density of houses that will be exposed is high and the 

area is sensitive to sea level rise.The result is the opposite for Esbjerg. The 

third location, Frederiksværk, show that the results are close to break-even, but 

this will change if current plans of city expansion into a flood prone area is 

carried out. Developing this area will call for structural protective measures in 

order to protect the newly developed area. This also highlights the important 

interplay between city development and flood risk. The results of the analysis of 

Copenhagen would have been much more ambiguous if it had been done on 

the city layout from 50 years ago because there was much less assets placed 

close to the sea at that time. So it may be argued that it is the city development 

over the last 50 years that now ensures a demand for a dike in the area. 

 

More approaches on this topic is likely to emerge over the coming years. One is 

to link the strategic planning to the planetary boundaries (Steffen et al., 2015). 

There are interesting attempts to scale this vague concept to concrete decisions 

for specific sections (Bjørn et al., 2018). While it remains of paramount 

importance to ensure that hygienic barriers within cities are maintained, perhaps 

new technologies will be needed. Another option is to downscale the UN SDGs 

to guide specific action on climate change adaptation. Much work is needed in 

this regard by making concrete indicators on local scale and disentangle and 

prioritize partly contradictory goals. However, given the challenge of obtaining a 

sustainable resource consumption on a global level the work needs to be done 
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in order to inform water professionals about the needed pace of reducing 

resource consumption within their domain.  

 

 

Table 6.2. Overview of the framework when LCA can be used to compare 

resource consumption of building a dike versus flood related repairs. This paper 

is one of the few that explicitly includes the aleatory uncertainty of occurrences 

of events which is why the LCA output is a random variable. From Hennequin 

et al (2018). 

 

 
 

 

6.2 Timing and sizing of investments  
 

The common denominator of the methods described in Section 6.1 is that they 

are all based on an assumption of making an investment now. The key 

alternatives are either to increase operation and maintenance cost to maintain a 

fixed service level or to make an investment that reduces the risk substantially 

in the foreseeable future. This is sufficient in many studies; after all not many 

investments rely on e.g. 10 year old studies without a new feasibility study being 

carried out. However, the long horizon of both investments and assessments 
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means that an attractive strategy here and now may not be sufficient in the long 

run.  

 

A society must essentially choose between two very different strategies, one 

being investment-averse while the other is investment-prone. The first strategy 

focuses on the risk of the decision-makers to make investments based on 

projections that are longer than that with which the development of society can 

reasonably be projected (see e.g. section 5.2). This way climate change 

adaptation focuses on short term solutions where the impacts are known and 

avoids lock-in positions where investments give unsatisfactory benefits because 

assumptions were violated (e.g. Gersonius et al., 2013, 2012). The other 

strategy focuses on the risk of entering a ‘tyrany of incremental decisions’ 

(Kahn, 1966) where short-sighted assessments lead to small and insufficient 

increments in improving the status of society. The first strategy is explored in a 

pluvial flood risk context of the Water Sensitive City by Radhakrishnan et al. 

(2018, 2019) that conclude that this approach is superior when it comes to 

finding good solutions to urban water management. The second type is 

dominating the examples in this thesis, e.g. Figure 3.4. 

 

However, both types of strategies assumes that the investments are based 

purely on rational choices of e.g. EAD. Aerts et al. (2018) on the other hand 

assumes that all investments occur soon after an event, a rationale that seems 

to be supported by the findings of e.g. Kreibich et al. (2017). Following this line 

of thought societies may not be constantly either investment-prone or 

investment-averse in relation to flood risk, but rather change the willingness to 

invest depending on recent observations. Therefore Zhou and Arnbjerg-

Nielsen (2018) revisited our study from 2012 with an explicit focus on 

propagation of all uncertainties. Wilby and Dessai (2010) argued for bottom-up 

and flexible approaches because of prohibitively large uncertainties in climate 

change impact and adaptation studies. A key objective in our study design was 

therefore to separate the decision-making into two steps, one whether action 

should be taken or not, the second to decide on the type of action given action 

should be taken. 

 

The approach was to divide all the uncertainties into six components and 

assess and compare the importance of these uncertainties depending on 
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indicators that distinguish between the total uncertainty and the marginal 

uncertainty of deciding which measure to implement given action was needed. 

Three types of indicators are therefore defined, i) NPV for comparing between 

action or no action, denoted NPVtechnology, ii) NPV for comparing between 

different technologies for comparable (improved) levels of protection, denoted 

NPVtechnology1-technology2, and iii) Expected time until investment has paid off, 

denoted TNPV=0. The six components of uncertainty are attributed to i) 

calculating the hazard in current climate, denoted Volume, ii) climatic changes 

of the hazard, denoted Climate factor, iii) exposure, denoted Threshold, iv) 

vulnerability, denoted Unit costs, v) cost of implementing the measures, 

denoted Investment costs, and, vi) the societal preference for avoiding or 

wanting investments, denoted Discount rate.  

 

The importance of the uncertainties vary significantly depending on the type of 

indicator for investment, see Figure 6.2 Perhaps surprising the figure also 

highlights that the actual size of the climatic changes are less important than the 

uncertainty of most of the other components. It does not mean that the climatic 

changes are not important to consider, but that the uncertainty is less important 

because the main uncertainty is low close to present time. The implications for 

the two simple technologies are illustrated in Figure 6.3. It is obvious that 

although there is substantial probability that either measure will not have a 

positive NPV it is quite clear which technology should be preferred, given action 

should be taken. The importance of framing of the study was not included.  
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Figure 6.2. Relative contribution of each type of input to the overall uncertainty 

for selected indicators of assessment of economic viability of the projects. See 

text for further explanation. From Zhou and Arnbjerg-Nielsen (2018).  

 

 
 

Figure 6.3. Overall uncertainties of NPV of implementing two measures (solid 

black and grey lines, respectively) compared to considering the differences in 

NPV between the measures considering the confoundedness of some of the 

uncertainties (dotted blue line). From Zhou and Arnbjerg-Nielsen (2018). 
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6.3 Explorative modelling under deep uncertainty 
 

As discussed in Chapter 5 projections of future exposure is by nature deeply 

uncertain. Also some of the external drivers are difficult to project. 

Acknowledging this uncertainty implicitly means that a single optimum design is 

not possible. Instead a number of strategies for climate change adaptation must 

be tested on a number of possible urban developments. Prudhomme et al. 

(2010) describe what they denote a “scenario-neutral” method, where they test 

the robustness of a number of possible future developments across a span of 

climate change scenarios. The procedure outlined in Figure 6.5 follow the same 

line of thought whereby a number of urban development and urban water 

management options are developed and tested across a number of strategies 

for climate change adaptation. 

 

In Löwe et al. (2017) we used this approach to consider flood risk by 

calculating EAD for all combinations of 9 urban development scenarios and 32 

combinations of adaptation options for six timesteps (50 year projections) into 

the future. Using 7 design events to calculate the EAD for each timestep in each 

trajectory lead to 12096 1D2D-simulations.  

 

When extending the approach to another – larger – catchment, the task became 

even more demanding; not only was there a requirement of more options to 

explore in a more demanding cross-disciplinary study, but because it was a 

coastal area there was a substantial probability of concurrent hazards. 

Simplifications were needed. The suggested approach consists of constructing 

a meta-model for the stage-damage curves as outlined in Figure 6.4 (bottom).  
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Figure 6.4. Workflow in relation to assessing pluvial flood risk by means of 

explorative modelling. The top figure shows the computational scheme for 

making a projection of flood risk one time step into the future for a given 

scenario and adaptation strategy while the bottom figure shows a simplified 

scheme that greatly reduces the computational requirements. Figures from 

Löwe et al. (2018, 2017). 
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The approach assumes that the internal uncertainty of the city development 

model is negligible, i.e. that one urban development simulation is sufficient to 

describe each urban development scenario. In this case the damage function 

can be described as a function of hazards and the amount of city development 

that has occurred since the start of the simulation. In Löwe et al. (2018) we 

suggest to use the amount of households in the catchment as a proxy for the 

amount of development and further describe how a meta-model can be applied 

to further reduce the amount of simulations along each development scenario. 

The EAD for any point in time for any combination of climate change, city 

development, and adaption option is then found by noting the impact of climate 

change on the hazards and assign return periods for these hazards and 

correspondingly the amount of urban development that has been occurring. The 

assumption of the concrete form of city development having negligible influence 

can be tested by letting several of the urban development patterns be the result 

of identical strategies for urban development.  

 

The results of the explorative models can be reported using the same simple 

statistics as the ones presented in section 6.1, i.e. as a mean NPV or a 

suggested adaptation pathway. However, as noted by e.g. Prudhomme et al. 

(2010) and Rauch et al. (2017) the value of explorative modelling lies in the 

ability to present results that expresses the uncertainty in a more 

comprehensive way. The key results from Löwe et al. (2017) are shown in 

Figure 6.5. Clearly the very different developments of EAD as a function of 

urban growth, climate change, and scenario in the top tile is illustrative. 

However, these mean values still hide some of the possible outcomes, 

especially since the distribution of the individual simulations are highly skewed. 

This is indicated in the bottom tile, where the results from key strategies of 

urban development are contrasted against each other, showing that in general 

the strategies are much more efficient in reducing the worst outcomes than the 

mean values of the strategies imply.  
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Figure 6.5. Illustration of the results from explorative modelling. Top figure 

shows EAD as a function of time for the 9 considered scenarios and different 

adaptation strategies. Bottom figure shows boxplots of the added EADs (without 

discounting) by contrasting on different strategies. It is easily recognized that 

the reduction of the worst scenarios are much more pronounced than the 

relatively small reduction in mean values. Legend: bau: Business as usual, wsc: 

water sensitive cities (see Figure 5.3 for illustration of differences in urban 

fabric), RWHT: Decoupling of x% rain water harvesting tanks of net 15 m3 per 

household. From Löwe et al. (2017). 
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6.4 Summary 
 

The framing of climate change adaptation is much clearer today for pluvial 

flooding. In particular there is a commonly accepted basis that both blue-green 

and grey infrastructure is needed to identify suitable solutions, because both 

contribute to optimal solutions. This has however not reduced the complexity of 

identifying concrete solutions and in particular it puts traditional engineering 

design under pressure. For research purposes, a solution is to use explorative 

modelling. This can reveal which strategies that are most robust to deviations in 

urban development and climatic changes. However, it is unclear which 

indicators are key and how they should be presented to enable good decisions. 

 

Other problems also prevail. One problem is that of transferring results of socio-

economic analyses to implementation of projects. In a situation where 

resources are scarce by many stakeholders the ones who benefit from a project 

may not be able or willing to share the costs and hence the societal optimal 

solutions will be difficult to implement. The key must be to (re-) consider how to 

finance the costs and how to share the benefits as well as better communication 

of future risks if better solutions for flood risk management should be obtained. 

 

 

The other key problem is to understand and communicate the inherent 

uncertainties of flood risk assessments. The uncertainties are much better 

understood now, but communication of the complicated results remain an issue. 

The current illustrations are informative for scientist and engineers, but 

complicated for other types of stakeholders. However, this problem must be 

bridged. In any case it is necessary that there will be learning across 

catchments in order to increase resilience and reduce flood risk to an 

acceptable level. 
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7. Conclusions and outlook 

This thesis shows that it is possible to calculate flood risk with a high degree of 

precision in relation to finding suitable adaptation options in the current climate. 

Projections of the drivers of hazards as well as calculation of the hazards given 

these drivers have expanded greatly and the uncertainty are now so low that 

the main issue seems to be identifying the right balance between computational 

cost and accuracy rather than reducing the overall uncertainty. Within the fields 

of exposure and vulnerability there has also been a significant development, 

although the state of knowledge is less mature than that of hazard calculations. 

This is new within the field of urban water management and should also have 

major implications outside of the field. It is hinted that the major part of the 

uncertainty seems to be related to whether flood risk is taken into account ex 

ante, ex post, or not at all even though it is reconizied that there are inherent 

deep uncertainties when projecting exposure and vulnerabilities..  

 

It was highlighted in the introduction that designing and operating the 

infrastructure needed for urban water management seemed to be divided into 

different fields, with very little attention given to the management of storm water. 

The last decade has proven that this is a narrative that will not continue. Public 

perception as well as the high degree of urbanization, the high pressure on 

fresh water resources, and the higher climate change and variability will ensure 

that storm water management will be high on the agenda as an integral part of 

urban water management. Technological advancements often occur in leaps 

and it is likely that we are in the middle of a period of transformation, where 

change occurs rapidly. This adds to the complexity of making sound projections 

under which investments should be evaluated. Nevertheless, I will end the 

thesis by giving my personal outlook on four issues that will be of paramount 

importance in framing urban water management within the coming decade: 

 
1. The differences between urban hydrology and catchment hydrology will 

continue to be of decreasing importance. The growing complexity of urban 

infrastructure, including the introduction of Nature Based Solutions, are 

explicitly aimed at making urban areas behave more like natural environments. 

This calls for tools that can analyze the dynamical behavior of such systems also 
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due to the vast spatial expansion of cities. However, there is also a growing 

need for catchment hydrology to include the complexity of decision‐making 

inherently needed in urban water management. There seems to be a 

recognized need for a common platform of improved decision making based on 

a recognition of deep uncertainties of future projections. This will improve the 

basis for solving the issues that lie ahead. 

 
2. The difficulties in obtaining good decisions will however remain. The thesis has 

pointed towards two issues, that are unlikely to become void within the next 

decade:  

a. It is deeply embedded in engineering practice to design objects, i.e. to 

choose a set of technologies and assumptions that allow an 

optimization of resources under these constraints. This is in direct 

contrast with some of the more soft strategies that come out of 

encompassing deep uncertainties, e.g. to ‘design infrastructure large 

enough to be sure it meets the criteria’ or ‘to minimize investments 

because it restricts future decisions’.  

b. The struggle between stakeholders with different perceptions and 

trusts in models as a means to guide decisions based on developing and 

applying common objectives and indicators. Some stakeholders are 

explicitly trained to mistrust models as social constructs that are highly 

biased while other stakeholders are explicitly trained in having a very 

high degree of trust in the numerical outcomes of models almost 

regardless of the assumptions. 

 
3. Many decisions are currently based on experiences from the past, both in 

anticipating what may happen and how to prepare for these events. The thesis 

provides a strong case for illustrating that city planning should make decisions 

on urban infrastructure that is not feasible from a socio‐economic point of view 

based on historical observations. Reservations of land use, sizing of 

infrastructure, etc. should be made based on a projection of the changes that 

will occur over the anticipated lifetime of the infrastructure. It is also 

increasingly clear that the anticipated lifetime of the infrastructure for some 

types of assets will be smaller than the technical lifetime, because of 

technological development, human preferences, and/or lack of willingness to 

make large up‐front capital investments in light of the deep uncertainties. In 

particular, the struggle between large centralized solutions and local flexibility 

will be forming the next decades, not only in storm water management. All of 
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these decisions also need to be guided by the constant need for improved 

resource efficiency, e.g. by including LCA or other global assessment tools for 

guiding local decisions. 

 

4. The pendulum of focus will ensure that there will soon be an increased 

awareness of pollution as an important part of urban water management. This 

awareness will hopefully be part of improved assessment methods that 

explicitly links the sustainability assessments with the risks associated with 

extreme events. The UN Sustainability Development Goals may be an initial 

starting point in this quest, but they are vaguely formulated and also 

contradictory when applied in the context of urban water management.  
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