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Abstract

This report provides a case study examinilogpd risks in the city of Vienna. The

purpose is to illustrate an interdisciplinaapproach to flood risk analysis, combining
hydrological flood risk assessment and simutatioodeling with the finances of flood

risk management.

Three scenarios were preliminarily iderd for analysis: catastrophic flooding on a
major European river (the Danube) tlilatvs through Vienna; storm flooding due to
failure of storm drainage systems; and Hld®oding of a small tributary (the Vienna
River) that flows into the Daube. Our initial efforts rexaed that the Vienna River
flash flooding scenario was a credible, sigrafit, and tractable problem for analysis.
The wealth of data available also made #usnario a useful $& case for developing
and illustrating interdisciplinary work, whicis a significant aspect of the project
activity. The focus of this report is, therefoom the flash-flooding scenario. This report
does not include discussion of the other sdesamas they were not completed in an
interdisciplinary fashion either because latk of adequate data and models for all
aspects of an interdisciplinary study, occaese there were judged to be non-credible
and therefore of limited use as illustrative example.

In the course of developing an interd@iary approach texamining catastrophic
flood risks, we found that the concept of risked in flood manageent varied subtly

but significantly between the disciplines aalmtiting to the study. An important result

of this study is the integrain of these different disciplinargoncepts of risk within a
single interdisciplinary analysis. A fuller accounting for uncertainty in a way that is
consistent between the component disciplirresl the appropriate distinction between
various different types ofincertainty, form a second major aspect of the study. Our
primary finding is that an approach that grates perspectives orski characteristic of

the different technical disciples contributing to this study is feasible and that it
provides a useful framework for comparing the characteristics of different mitigation
strategies. The results of simulationsggest alternatives for combining different
mitigation measures such that the charasties of different components of an overall
strategy complement each other to lowealtcosts and to reduce both the likelihood
and the uncertainties of eatrophic financial losses.
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Development of a Catastrophe Model for Managing the
Risks of Urban Flash Flooding in Vienna

1. Introduction and Theoretical Background

The purpose of this report is to illustrade interdisciplinary approach to flood risk
analysis, combining hydrologcal flood risk assessmenmna simulation modeling with
the finances of flood risk management. WAéethis by examining flood risks in the city
of Vienna together with some alternativies mitigation of the damages caused by
flooding.

In the course of developing an interdidicipry approach to examining catastrophic
flood risks, we found that the concept of risked in flood manageent varied subtly
but significantly between thdisciplines contributing téhe study. However, although
the differences in usage may appear subtle, the way in which the term "risk" is
conceptualized (for examplas probability, as consequenas, expected value, etc.)
can significantly affect the way in whichehanalysis produced within a particular
discipline is structured. More importantly,can significantly affect conclusions about
recommended courses of actions, partidylarvhen a decision-maker is faced with
choosing from among very different optis developed on the basis of analyses
prepared within different disciplinary framevks. This can arise, for example, when
attempting to decide whether to implemestraictural approach (e.g., raising the height
of river levees) or a finam approach (e.g., transferg the risks thragh insurance).
An important result of this study is thategration of these different disciplinary
concepts of risk within a single interdisci@ny analysis. We also show that the way in
which uncertainty is defined and repre®eh is not consistent between different
disciplines.

This project has been carried out within the framework of catastrophe model
development. We will spend some efforttins section to introduce the reader to
different concepts of risk that arise wittgatastrophe modeling. We will first discuss a
taxonomy of perspectives on risk, show how approach fits into a larger taxonomy,
and then discuss the way risk is conceprealiin the technical disciplines contributing

to this study. Finally, we discuss the impatuncertainty ircatastrophe modeling and
introduce an approach for integrating multiple concepts of uncertainty into catastrophe
modeling. The remainder, and majority, of te@ort (Chapters 2-3ays out a concrete
implementation of these ideas in a casglgtexamining the urban flooding in Vienna.

A brief set of general observations and conclusions is presented in Chapter 6.



The approach illustrated ithis study will be useful for examining policy paths,
including flood risk mitigation and insurae, for managing the risks of flooding in
Vienna and elsewhere. Our results buitdon-going work at BOKU and IIASA on the
development and use of models in the management of catastrophic risks (Amendola et
al. 2000; Brouwers 2003; Ekenberg e2@D3; Ermoliev et al. 2000; Ermolieva, 1997,
Faber and Nachtnebel, 2002, 2003; Freemtal., 2002; Konecny and Nachtnebel,
1985; Nachtnebel and Faber, 2002; NacheheBPOOO; Mechler, 2003). These studies
encompass a wide variety of disciplines, datgdhes, and spatial and temporal scales.

As in any analysis, we have operated undgniScant constraints, some external and
some self imposed. A self-imposed constrairnthét it is not our goal in this analysis to
attempt to provide and implement a 'true’ Wigbn of the term "risk" or "uncertainty".

It is not clear if such a task is even possible. Neither do we attempt to include all
possible concepts of risk within our larger analysidcalgh we do attempt to provide
some glimpses of how this analysis might fit into a broader decision-making
framework. As will become apparent, this report remains very firmly within a technical
perspective and does not deal with narhtecal (for example, psychological or
sociological) perspewies on risk. We do not intend fwopose a canooal definition

that can fit any situation. Our intention is pmb clarify the way invhich we have used
these terms, and to show how a slightlpdater conception allows integration across
different technical (hydraulic and financial) disciplinescls@an integration yields, in
turn, the ability to produce meaningfulmparisons of very different flood mitigation
alternatives. In addition, external constraiin the availability of resources and data
over the course of the study restiihe usefulness dhis analysis as direct input into
policy decisions regarding flooding for ethcity of Vienna. The study was not
commissioned to provide such input. Thiesport is a case study that illustrates an
approach to catastrophe modelithat relies on real datachaddresses a real problem.
Although every effort was made to use hmymlity data, to produce accurate models,
and to deal with issues of relevance toigolmakers, this study lacks several critical
elements of a decision support study. Quality assurance and quality control (QA/QC)
reviews of data and codes were not underald review of the legal and regulatory
requirements for a decision was not performé@tiese aspects often impose significant
legal and scheduling constraints on the ystaland together ith the budgetary and
time constraints typical of applied anadgs hinder the exploration of alternate
approaches to structuring and evalogtiproblems. We do hope to raise some
interesting questions anduggest some possible cowsef action should similar
situations arise elsewhere. \&ie grateful to have had tbpportunity to explore a very
applied problem with the freedom to addresssies and make decisions in the way that
seemed most appropriate from an intellecpegrspective rather than being forced to
follow pre-defined approaches because of external constraints.

1.1 Concepts of Risk

The way risks are understood, analyzed, quantified varies widely depending upon
what type of system is under considerationhis risk taxonomy, Ortwin Renn (1992)
distinguishes four perspeatls: technical, economic, psychological, and sociological.
As previously mentioned, the scope of this study is largely within the technical
perspective. However, evaluation of inguwea and financial mechanisms for spreading
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and covering flood consequences implies fim@nepresentation ofsks. According to
Renn, the technical perspective of risks cosgs a statistical or actuarial approach
(typically used in the insurance communitg)modeling approachyftically used in the
health and environmental protection communignd probabilistic models (typically
used in safety engineering). A goal of this study is the integration of these typically
distinct approaches within the technicpkrspective. Accordg to Covello and
Merkhofer (1993) "risk is, @ minimum, a two-dimensnal concept involving (1) the
possibility of an adverse outcome, and (®certainty over the occurrence, timing, or
magnitude of that adverse outcome" (need pageber). This definition is appropriate

for our purposes since it offers fruitfpportunities for integrating the differing
technical perspectives. Althoughrdely consistent with theonicept of risk used within

the financial community, there are differences. Financial experts, extending back to the
definition provided by Frank Knight (1921), use tterm "risk" to refer to a measurable
(typically statistical) volatilityand speak of "upside” and "downside" risks to refer to the
possibility that an outcome mde respectively either better or worse than the expected
outcome. The differences are dalttut significant. The finacial definition is narrower

in that Knight's concept of risk explicitly excludes epistemic uncertainty, and includes
only variability (often called aleatory untainty). However, this concept is also
broader in that the possibilities of unexgetpositive outcomes are also included. The
distinction is relevant to the extent thapolicy oriented towasi"loss prevention” or
"loss reduction” can sometimes blind ote the possibilities that may exist for
maximizing welfaré. The common theme is that both concepts of risk arising within
the technical perspective include, eithienplicitly or explicitly, probability and
consequences of occurrence as the two mijoicomponents. Our goal is to implement

a concept of risk that includehe probability/consequencestiinction and the (implicit)

full conception of uncertainty advocatdry Covello and Merkhofer, but broadens
consequences to include upsrtks as well as downside risks. We emphasize that the
psychological dimensions, such as the awvershat individuals might have for certain
types of risk, or sociolgical aspects, such as the edul@adistribution of risks, are not
typically considered in techeal risk analyses. For thigason, technical analyses are
only one input into a largepolicy processes. Experientas also demonstrated the
many dimensions to risks that are not included in estimates of probability and
consequence, such as whether thk is voluntary or controllable.

Technical disciplines concemavith standard setting hawdten emphasized one of the

two component concepts of risk at the exjgeons the other. For example, in safety
engineering the risks are associated withréli@bility of a constuction and probability

of its failure. In this case, risks are endogeas on decisions. Traditionally, measures are
directed towards increasing safety with less emphasis put on the estimation of the
consequences of potential failure. This approach focuses on probability of occurrence
as a measure of risk. A scenario to be dediis identified (e.gdestructive flooding,
release of radioactivity from an nuclear reacedc.) and the "risk” is the probability of
occurrence of the adverse event. Typicanegles of this paragin include traditional

! According to White and co-workers (2001), “...thare very few efforts to estimate the net benefits of
location of land use in hazard areas of the actualfieioé extreme events..dnd and locations in areas
subject to hazard have market value, often high market value...some effort to calculate net gains and
losses should be undertaken in the literature and its continuing absence in these texts reveals a prevailing
state of ignorance that the reseaefforts have scarcely addressed.”
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approaches to flood and earthquake protactidn traditional flood protection, for
example, a typical goal is to reduce the pholtg of flooding to below a certain design
value, such as a hundred ydand (i.e., the probabilityf flooding in any year should
be less than 1%). Other disciplines hdweeused on the magnitude of the adverse
consequences as a measure of risk, rfresuently keeping by attempting to keep
consequences below a certain level determineoe "acceptable” or “safe” regardless
of the likelihood of the effect. This approashembodied, for example, in regulations
banning substances found to be carcinogenic. Setting exposures to hazardous chemicals
in the workplace or in the environmentchuthat no adverse effects are expected,
without explicit regardto the likelihood of that expase, is an example of this
paradigm. This reasoning, especially whba consequences may be very serious or
catastrophic and the qirabilities are difficult to asss, is the logic underlying the
European Union’s precautionary principiithin the actuarial community, on the other
hand, both probabilities and consequencesansidered explicitly. However, they are
typically telescoped together by the uséexfpected value" as a measure of risk.

1.2 Aleatory Uncertainty, Epistemic Uncertainty, and Risk Curves

Uncertainty in the likelihoodof floods arises from a number of sources. These
uncertainties can be groupedto two fundamental typesaleatory and epistemic.
Aleatory uncertainty, sometimes called irrediieiuncertainty, arises from the natural
variability of the system under study. Sosystems are fundamentally stochastic in
nature and their future e cannot be predicted detenistically. There are many
examples of this in nature, such as the number of radioactive decay events observed
within a specific time frame from a specifguantity of material or the time between
earthquakes of a given matyde on a particular fault. For our study, the natural
variability is the time expected until a storm of a certain magnitude dcdRasnfall
patterns are not identical from year toage This type of uncertainty is termed
"irreducible” uncertainty because it is a property of the phenomenon itself. However,
although the maximum rainfall cannot beegiicted with precision, it has been found
that these values follow regular statistidadtributions. The likehood that the worst
storm in a year will exceed a certain level may, to a first approximation, be estimated
simply by collecting information every yean the worst storm (e.g., the amount of rain
falling within a six hour period) and developing an empiridéstribution. The
functional form of the distribution can betdemined based on statistical principles, or
can be assigned based upon engineering judgkea statistical problem is then using

the historical data to find éhparameters of the distribution.

This example also illustrates the secaswlirce of uncertainty, namely, epistemic
uncertainty. Epistemic uncertainty refersadack of knowledge about the system and
can be introduced by errors or by limitations on the ability to collect samples. In many
locations, reliable historical cerds may only cover a period eéveral decades. Even if

2 The magnitude or severity of a rainstorm is often defined as the amount of rainfall averaged over a
specific period of time. Because rainfall is a staticaprocess, the averaging time affects the peak
rainfall. For example, a storm may produce bursts of rain at 100 mm/hr for periods of a few minutes, but
will produce only 50 mm/hr when averaged over a peridthrafe hours. In this study, we will use the six

hour average rainfall abe indicator of the magnitude of a storm, as it is this period that corresponds to
the response time of the watershed under study.
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it were, measuring peak rainfall or river flaumring a storm is subjeto error. There is
also no guarantee that climatic conditionsayating the rainfall otand use patterns
that affect the rate at which water drain®ithe river have not changed over the period
of measurement; in fact, it iguite likely that such contibns have in fact changed.
Finally, the choice of a model wescribe the variability distribution is not a clear-cut
process. Fitting observed data to an incorraodel can lead to errors in prediction.
These and other sources of elead to epistemic uncertainty. Such uncertainty may not
be severe when trying to estimate theestpd annual maximum or the maximum to be
expected once every 5-10 years. Howetag, uncertainty involwe in estimating the
magnitude of storms that recur over tperiod of centuries or of millennia are
dramatically larger than estimating the magaé of storms that recur over the period of
years or decades. Although such uncerteintare also present in evaluating the
magnitude of storms that recur over shogeriods, the range of possible values may
not be terribly large. Extrapolationoin short observation peds to very long
observation periods amplifieselsources of uncertaintiescaprogressively violates the
assumptions of an underlying steady-state nmadkeveloping the forecasts. The range
of possible values of peak rainfall during a@eal storm, or a storm that is expected to
occur once every decade, may vary onlyroadew tens of millimeters and may be
managed by simply adding an appropriategtesnargin onto an engineered design. In
the United States, the use of a safetyargin on levee heights of three feet
(approximately 1 meter) was just such @nsideration (NationaResearch Council,
2000). However, when attempting to protechiagt storms thatecur over period of
millennia, the range of peak rainfalls that might be reasonably expected can range over
tens to hundreds of millimeters. The wditsbd in a millennium may be only slightly
more severe than the worsbdd in a century, or it could ramatically worse. If one
applies the typical design margin or saftgtor approach, one gtit end up installing

a system in which most of the costs wdmected at ensuring that the design margin
was sufficiently large. On the other handoiife simply used a “best” estimate (such as
an expected value or a most likely valuehe might find thathere is a significant
probability that the protection system wouldt function if the storm was much larger
than the best estimate.

However, once effective measures are takgratect against the me frequent floods,

it is precisely these rare and uncertain flodddg may now pose the majority of the risk

to the affected populations. The decision mageherefore in a quelary with pitfalls

on either side. If the trukkelihood of a particular sere flood is quite high and no
mitigation efforts are undertaken, massive damages might result. On the other hand, if
the true likelihood is low and expensivatigation measure are undertaken, then the
resources used to implement the mitigationyrhave been lost if the event fails to
occur. In the worst of all possible worldexpensive mitigation measures could be
implemented but fail when called upon to widind the flood. In this case, losses are
incurred both before the disaster (mitigation costs) and as a result of the disaster (in
terms of damage to assets). In additiomh® costs and benefits of different mitigation
measures, the reliability of the mitigationeasures is therefore a critical input to
decision making. Determining the best coun$ection in such a case is problematic
and depends sensitively on the prefereraed values of the decision-maker. When
significant uncertainties aregsent about the timing or magme of the potential loss,

it is not possible to simply compare costgl ébenefits of differenbptions. It is the
specific goal of this chapter (and more gengralf the whole reportio illustrate a way
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to structure these uncertainties in such a way that the decision maker can see the results
of a decision and to what extent thesdes and attendant uncertainties change under
different decisions.

The approach we have chosen uses a "risk curve" or CCDF (complementary cumulative
distribution function) to characterize theki A single CCDF plotthe magnitude of an

event on the horizontal axis vs. the probability of exceeding that magnitude on the
vertical axis. This technique is widely usedther risk analytic dwvities, most notably

in reactor safety studies. This method waed in the 1975 Reactor Safety Study to
illustrate the number of potential deaths from an accident at a nuclear reactor as a
function of the likelihood of thir occurrence. Typically, the il is log-linear, with the
exceedence probability as the ordinate t{wal axis) on a logarithmic scale and the
consequence plotted as the abscissa (@t axis). The use of a log-linear scale
allows a much finer resolution of the characteristics of low probability eteFtie risk

curve is useful in this regard because it EXiy represents both the probability and the
consequence. For example, whereas andstrd "safety margin" approach cannot
distinguish between a system failure résgl in low damages from one resulting in
high damages, a risk curve can. In contragtrt@xpected value approach, a risk curve
can distinguish between an event with w Iprobability of occurrence and a severe
consequence vs. a more frequent but lessreeconsequence. In our curves, we will
represent the natural variability or irreducible uncertainty on the ordinate. The epistemic
uncertainty is represented by error bandamf desired confidee level that surround

that curve.

1.3 Catastrophe Models as Integrated Assessment Models

Evaluation of measures to deal with catggires is challenging. It combines available
historical data with varioutypes of models. Traditionalagtstical and actuarial models

are usually insufficient to represent thdl fiange of potential damages a catastrophe
may inflict on a location in the future. Thereaeveral reasons for this. The first is the
intrinsic uncertainty in when catastrophe may strike. Catastrophes are rare events that
may occur immediately or may not occur fohausand years. There is typically a lack

of historical data on thecourrence of events in a patlar location, though the data
may be available on at larger spatial scééeg., regional or natiohgcales). Thus, in

our case assessment of risk, analyses kmsed on catastropheodeling to gain
additional information on the range of plausible future outcomes.

The catastrophe models being examined d@adeloped within the RMS project offer a
natural setting for applying this expanded @sption of risk. Examination of the use of
the term "catastrophe model" reveals ttstch models have evolved from the
broadening of actuarial approaches for eating risk to incgporate the modeling and
probabilistic approaches dhe other technical risk pspectives. The distinction
between catastrophe models and earlier, ipydalicy oriented simulation models, is
that (as pointed out by Renn) modeling and RBproaches have historically been used

% The user must simply keep in mind, when corimgatwo curves on such a plot, that the use of a
logarithmic scale means that equal divisions on the ordinate represent order of magnitude changes. The
intuitive understanding of the relative likelihood for a user accustomed to linear plots may be biased to
exaggerate the likelihood of low probability events if this is not consciously acknowledged.
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for purposes of standard setting or forproving technological systems. Catastrophe
models differ in that the results are typicalised within a risk-sharing framework such
as insurance.

A common element in most catastrophe models is use of decomphséiiaple
element in systems-analytic thinking (Raj 1968; Bier et al.1999). In catastrophe
modeling, decomposition is implemented by tbreation of modules or submodels.
Many authors [Walker 1997; Kozlowskind Matthewson 1997; Clark 2002; Boyle
2002] define three modules: A scientifar hazard module comprising an event
generator and a local intensity calcuwati an engineering module for damage
estimation, and an insurance coverage nwdafl insured loss calculation. Finally,
most catastrophe models produce outputs tleatstributional. Thats, the results are
typically not simply an expected loss, buther a full loss distribution curve that may or
may not follow a particular atistical distribution. Basedpon these observations, we
define catastrophe modeling as a risk-at@ljechnique that has the following four
characteristics:

1) The technique: Catastrophe modeling nsakse of simulations rather than purely
historical actuarial data for purposes dfireating probabilities and outcomes. One of
the main reasons for developing a catggie model is that there is not enough
historical data for actuarial estimates. Onast therefore generate data by simulating
the physical events. This does not precludeiniclusion of actuariadata: it is enough
that simulations based on theoretical modelserathan statistical atysis of historical
data be included as a primary element of the analysis.

2) The structure: Catastrophe models @cally modular, that is, comprised of
relatively independent sub-models. For example, a "hazard" submodel drives the risk, a
"loss" submodel estimates some typk loss dependent upon the hazard, and a
"management” submodel examines the impact of different decisions. The modular
nature of most catastrophe models is imporiatiat it (a) allows the development of a
model by interdisciplinary teams and (b) allows, where appropriate, the substitution of a
simple and computationally inexpensivelueed-form model for a more complex and
computationally time-consuming mechanisticnulation model. The ability for the
model to be developed by interdisciplinary teams allows the inclusion of the relevant
expertise without requiring thatll members of the team lexperts in all disciplines
represented in the model. The important eleiis that all members of the team should
have an understanding of how to properlgipret the output of the submodels and all
should understand the ultimate use ofe tlmodel. The ability to implement
computationally inexpensive reduced formodels - referred to as "catastrophe
generators” by Ermoliev and -weorkers (2000) - allowdor the use of numerical
optimization models that would be anatgily intractable anatherwise prohibitively
expensive in computational resources.

3) The output: Catastrophe models @ifly include both probabilities and
consequences (typically pureiiyancial consequences rathtean health and safety or
broader economic consequences). In mamit to many deterministic models or
probabilistic safety assessments, it doesfaotis solely on the probability (e.g., the
reliability of a system) of failure. Inontrast to many actuarial methods, it does not

* For a thought-provoking discussion of decomposition, see section 6.4 in Bier et al. (1999).
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collapse the probability andonsequence into a single expected value, but focuses
attention on the entire combination of probabilities and consequences; namely, the
probability distribution of consequences.

4) The use: The main difference betwearatastrophe model and a more traditional
natural hazard risk assessment as appligdlntic policy analysis ithe application. Cat
models have thus mainly been developedidisurance or risk shisng settings. This
contrasts with flood damage reduction gsab, which are often focused on loss
prevention or loss reduction. Like the palpolicy models for natural hazard risk
assessment described by Petak and Atki$$682), catastrophe models are typically
modular simulation models producing a profisbdistribution of potential losses. The
first two elements (a scientific or hadamodule comprising an event generator and a
local intensity calculation, and an engaéming module for damage estimation) are
essentially the same as the first two medubf the public-policy oriented models
discussed previously. However, a catastroploglel typically extends the public-policy
model approach by overlaying the exposofethe insurer ovethe distribution of
damages to compute potential claims. hather novel application, a catastrophe model
developed by IIASA for flooding on the Uppd&isza river in Hungary was used to
illustrate policy impacts of options for a nation-wide insurance program. This proved
useful at a stakeholder workshop, where |teal residents, insurance companies and
the central government reached a consensus on a policy direction. (See Ermolieva et al.
2001; Ekenberg et al. 2003; Brouwers at 2003; Linnerooth-Bayer and Vari,
forthcoming).

1.4 Catastrophe Modeling and Uncertainty

Catastrophic risks are lowrability, high-consequences events. Often, stemming
from the low probability, they are plagubyg major uncertainties. One lesser-developed
aspect of catastrophe modeling is acdmgnfor epistemic uncertainty. Although many
catastrophe models are probahic, they often includeonly aleatoryuncertainty,
perhaps reflecting the origin of these ajgmhes within the insurance community.
However, an explicit consideration of isi{gmic uncertainty is critically important.
Physically-based simulation of climate-driv catastrophes is alfienging (Petak and
Atkisson 1982; Minnery and Smith 1996), asdals do not yet exist that can synthesize
accurate predictions of rainfalls, windsguls, or other climactic phenomenon with
detailed resolution across the full rangespftial-temporal scales (e.g., from global
scale to scales on the order of squarenkdters and from annual scales to hourly
scales) necessary for accurate risk analy¥éken the possibility of climate change is
taken into account, the epistemic uncetias increase dramatically. Petak and
Atkisson emphasize that "the résuerived from the risk analysis models are not to be
considered ‘fact. Much uncertainty is agated with the findings generated by the
models" (p. 186). This statement remains as true today as when it was written twenty
years ago. Pervasive uncertainties in the underlying science remain. In financial circles,
this uncertainty is termed "ambiguity"né a high level of ambiguity is a stumbling
block for the success of insurance progrdmesause of the effect that it has on
insurability (Kunreuther and Roth 1998, p. 3@ne sometimes hears that "uncertainty
can be reduced by modeling”. It is importamtrecognize that this is not always the
case. There is a significant difference betwaging a model for prediction and using a
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model for information-structuring. Using a dw for pricing insurance can be difficult
because it may force the model to be usepredictive mode, where the model may be
weak. Models do not necess$anieveal anything new about the world. What they are
good at doing is structuring the information that is already available, allowing additional
relevant information to be brought in todseon a problem. They may not be able to
reduce uncertainty, though, and in fact they meaaeal just how uncertain a situation is.

The good news is that thereadong experience in risk aals techniques for dealing
with uncertainty, and that experience isnigebrought in to thdield of catastrophe
modeling. Considerable progress has been rmadeethods for the explicit analysis of
uncertainty (cf Morgan and Heon 1990; National Researcouncil 2000; Bier et al.
1999; and others). Model verification awmdlidation exercises can be conducted to
assist in the quantification of uncertaintieatastrophe modelsurthermore, multiple
assessments can be carried ggtording to Gary Venter dguy Carpenter, a "...key to
effective catastrophe modeliig understanding the uncerta@s involved...it is critical

to look at the results frorma number of catastrophe models so that we can see what
range of results would be and how differamproaches to a problem could lead to
different outcomes" (Venter, 2003). The mtated approach prested in this report
draws heavily upon one of the authors’ experience with the treatment of uncertainty in
the field of human healthgks from pollutants introduced into the environment as well
as from approaches developed for charactegimncertainty in nuche power plant risk
assessments (cf. Morgan and Henrion (198%) Covello and Merkofer (1993)). We
are heartened to see that othare beginning to explore this topic as well; for an
example of an approach slar to ours that examined @huncertainty in flood risks
along the Rhine River, see Merz et al. (2002)addition, there is a long experience in
producing the so-called robustraegies that do not requiggecise estimation of all
uncertainties and risks. Instead, robuslutsans yield solutions against the vast
majority of uncertainties without the need # precise evaluation @l all sources of
uncertainty (see, for example, Ermolievaakt1997, Ermoliev et al. 2000, Amendola et
al. 2000, Digas 1998, Baranov 2003).

1.5 Motivation for Catastrophe Modeling

Given the potential costs and uncertainéssociated with catastrophe modeling, what
are the advantages? They are considerdile. minimum, the use of a distributional
technique allows a much better characteioraof loss possibilitis than that embodied

in the annual expected loss or the probabdéximum loss concept. However, Walker
(1997) suggests that the traelvantage of catastrophe miag: "...lies in the step
change described above in the informatigordvides, not the marginal improvement in
a single point calculation...the benefite lin the overall samgs arising from an
integrated approach to risk managemiem major advantage of these types of
integrated models (whether cat modelsifsurance purposes or public policy models
commissioned by national @egional governments) isahthey can produce outputs
tailored towards different stakeholdea®md multiple hazards simultaneously. "The
primary output ... may be the loss experienbgd single property diacility (single-

site analysis), the aggregaportfolio loss in a particular catastrophe zone (zone
analysis), or the aggregap®rtfolio loss for a whole stator country, or worldwide,
from a particular hazard (specific hazard analysis) or all hazards (multi-hazard

17



analysis)" (Walker, 1997). The outputs fr@n integrated model of climate risk and
seismic risk, for example, could show thistribution of impacts to farmers (both the
distribution and across the wieokector), to urban dwellerto insurers, and to the
governmental treasuries. These distributiohgmpacts might be the basis for either
negotiation, optimization, or both.

To realize these advantages, is it necesgamprovide guidance, tools, and practical
examples for the effective use of the new infation within a risk-sharing context. This
has been explored by Ermoliev and cokess (2000) for the case of insurers,
illustrating how catastrophe modeling can lead to improved policies on the part of
insurers on their covages of losses and premiumsan environmenbf spatial and
temporal dependencies. By improved poScithe authors suggest some reasonable
objectives on the part of insurers (prafissability) and premium holders. Furthermore,

in contrast to models that are focusmd loss prevention or loss reduction, the risk-
sharing orientation of catastrophe modetads naturally to theiapplicability to
negotiation processes. The ability of a model to clarify the results of a particular
decision on the distribution of risks andnieéts or to reveal potential unintended
consequences allows parties to a negjotiato examine how different policies and
decisions might affect theiown interests. The IIASA’isza study (see Linnerooth-
Bayer and Vari, forthcoming; Ermolieva akt 2001; Ekenberg and co-workers, 2003)
and earthquake risks management (see Amendola et al. 2000, Ermoliev et al. 2000,
Baranov 2003) examined the use of catasteomodels in the negotiations between
stakeholders (including citizenlocal and national governmaificials, engineers, and
insurers) dealing with flood risks on th&isza River and with policy relevant
discussions of earthquakesks management for insurandegislation in Italy and
Russia. The use of catastrophe models to examine the concrete impacts of different
concepts of fairness as a tool in negotiationsrisk may prove to be one of the more
novel applications of the technique.

1.6 Objectives and Structure of the Report

This report applies these concepts of ris#t ancertainty to a conete case, namely, the
risk of flooding along the Vienna River in Vienna, Austf@ar goal is to illustrate how
the techniques discussetbore can be applied to th@oblems of urban flooding,
thereby extending traditional engineering-lthapproaches to floaisk management to
integrate loss spreadjntechniques, such as the puwasé of flood insurance or the
maintenance of a catastrophe fund, with itradal loss-reduction techniques, such as
the construction of levees, floodwalls, otetgion basins. Furthermore, by representing
risk using a CCDF, or "risk curve", we illustrate (1) an information rich approach to
deal simultaneously with probabilitieand consequences and (2) the significant
differences between policy alternatives. Finally, we illustrate how Monte Carlo
simulation techniques can be used to asklf®th epistemic and aleatory uncertainty.

The remainder of this reportdiefore focuses on the elaboration of a catastrophe model
for management of flood risks on the VienRaver that fully aldresses the range of
uncertainties in possible financial losses. Wyin with a discussion of the potential
problems associated with flooding along Mienna River and identify flooding of a
subway line as the major area at risk. Wenthriefly examine case studies of previous
catastrophic subway floods and use these stasies to develop an empirical model for
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the estimation of damages from flooding. Thidel is then integrated with the

hydraulic analyses prepared by BOKU/IWHW provide an intgrated catastrophe

model. This model is then used to evédua number of different hypothetical mitigation
options, both structural and financial, fmanaging flood risks. Emphasis is placed on
the ability to quantitatively compare the riéswf different options and the results of
options integrating both strtural and non-structural easures. Both epistemic and
aleatory uncertainty are handled explycthroughout. The report concludes with a
discussion of the insightgined by this exercise.
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2. Background

The following discussion is summarized from Faber and Nachtnebel (2003), where
technical details of the data and models can be found.

2.1 General description

The Vienna River is one of the largest rivershe city of Vienna with a catchment area
of 230 knf. As shown on Figure 2.1, the riveods through some of the most densely
populated districts of the city. The most exgdsnfrastructure is located along an over
eight km long reach, namely, the subway liwkich is constructed in an open section at
the right river bank, and the main roadsbmth sides. Froma hydrological viewpoint,
flood hazards from the Vienna River are catidue to the large amounts of impervious
surfaces covering wide parts of the catchinkw geological infitration capacity, and
little natural retention. Thesedd to rapid rises in watendel resulting in flash flooding.

Figure 2.1: Vienna River watershed Map: OK 200, BEV (1999)

Indicated in Figure 2.1 are:

Watershed with rural (173 km2) andban character (57 km2) dark blue

Outlet of the rural catchment for rainfall rdhmodeling: Node Halterbach light blue
Flood retention reservoirs: Auhof, Mabach and Wienerwaldsee light blue
Gauge Kennedybrticke in the urban river reach black

Border Vienna - Lower Austria pink

The current design of the 12 km urban remsch stonework and concrete bed and the
construction of tunnelled river reaches. isTRystem was constructed between 1895 to
1915 in parallel with the construction ofetleity railway. Two sections of 0.375 and
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2.156 km were tunnelled. The flood relatedetitrin the city isdue to many factors,
including large channel slopes and flow \@ies, rapid increase of discharge and the
absence of natural retemti areas. According to hydraulic estimates and laboratory
tests, velocities up to 748/s and supercritical flow coittbns in several sections are
expected during extreme floods. Significant backwaters &h bridges and tunnelled
sections, lateral waves of +/- 0.75 meter$.&t- 6.5 m/s mean velocity (Grzywienski,
1965) as well as transverse water surfacenatbn in bends are expected to occur
during large floods.

2.2 Rainfall Characteristics

As in many small mid-latitude catchmentgoding on the Vienna River is typically

flash flooding due to small and meso-scale convective storms embedded in large-scale
systems. These storms are typically ofesal hours to days duration and generate
flooding due to the fast watershed resgsnsEven low hills and mountains can
intensify storm events in comparison t@ipl areas by regeneration of convective cells
(Kelsch, 2001). The orograhpically intensifieonvective movemerdf air masses in

the western hills of the Vienna River basin is also documented in the Austrian
Hydrographical Atlas (HAO, 2003).

As discussed in the introduction, flood protentiends to rely on éidentification of a
design flood or design rainfall with a specified annual exceedence proBability
Applications of design rainfall data iflood protection and urban hydrology often
employ rain yield or rain depth relatioristensity-Depth-Frequency (IDF) curves are
developed for specified regions from fittimgostly exponential functions to recorded
rainfall aggregates of partial series. Modglof very rare storms employs design values
developed from local records or regalized data. These numbers represent
conservative estimates of expected values the parametrical uncertainty is currently
ignored in design and analysis of rainfalhoff processes. A temporal change of design
values can be seen from the one-hour rdiataVienna's oldest meteorological station
Hohe Warte, which increased steadily frd®67 to 2000 (Figure 4.5). It is unclear to
what relative extent climate change,easurement errors, data processing and
extrapolation uncertainties have contributed to this increase. According to the Vienna
hydrographical service (Pekarek, 1998) thecppitation characteries and recording

and analysing methods have cpad in the latest years sattcurrently reurn periods
cannot be assigned to recently monitored extreme storms. A re-evaluation of the
Schimpf criteria and design @& which were widely useth Austria since the early
seventies, is recommended by the authoesé&hcriteria would imply that the 48 hours
rain-depth of 240mm measured in the hillsstvef the city (K35-criterion) in July 1997
exceeded a 1000-year event. There are atsocerns about the accuracy of the
extrapolation of the Lower Austrian series 1901 - 1980 (Lower Austria, 1985). This
concern has led to efforts to establish nd®gign rainfall datdor Lower Austria by
combining atmospheric models and measuraesépalzer, 2002)In the discussion of

® A simple way to determine the annual exceedence probability is to count the number of years that the
flood exceeded a certain level and divide that by tta# tmmber of observations. In other words, a flood

with an annual exceedenceopability of 10% is that magnitude @6od that is equaled or exceeded in

one out of every ten years of observation. It may beereferred to as the “tgrear” flood, although this

may be misleading in that
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design values, attention should be paid tolé¢hgth of the underlyingeries, the date of
establishment (state of the art methodologydl if measurement errors were corrected
e.g. by increasing the raw data by a certain@am Design values fdhe greater region
around the Vienna River basin were publisifredn the following authors, mainly for
and from Hohe Warte data. For compfeiss reasons, publications which are not
directly relevant for thisnvestigation are also listed.

Steinhauser (1957): Data of the 1901-1958esewere obtained by the Hellmann
recorder, selected according to thresholdsadf of the Wussow criterion and processed
with the Reinhold guidelines (Wussod922; Reinhold, 1935). Aaunts for rainfall
durations from 5 minutes to 48 hours areegi with a maximum return period of 50
years for Hohe Warte.

Schimpf (1970): Values are published foinfall durations from 30 minutes to 72
hours. For shorter intenal the Wussow Formula i,kecommended. The regional
classification of Kreps & Sumpf (1965) assigns the K35 criterion to the western
Viennese area and the Vienna River catchraadtthe K25 criterion to urban plains and
the region with moderate hills. The accuracy of these design values is questionable.

Lower Austrian Federal government (Lowgustria, 1985): Thigublication uses the
1901-1980 series and recommends desidoegaup to 48 hours and a exceedence
probability of 0.01 for different zones. The stern Viennese hilland the Vienna River
catchment are located in the region50f - 60 mm mean extreandaily precipitation,
where the urban areas are in the 460- mm zone. This database is no longer
recommended as the values seem too smalit€g 2002). It is assumed by experts, that
an increase by 20 - 40 % leadsnore accurate values.

Auer et al. (1989): Intensity duration - frequency (IDF) relations are developed for
Hohe Warte from 5 minute ombrograph aggiteg of the partiaderies spanning 1973 -
1982 according to DVWK-ATV (1983). From tHeé-year series up to 50-year values
were extrapolated for rain dai@ns from 5 minutes to 30 days.

Kadrnoska & Adam (1992): Dagi recommendations for corithiin Vienna are based

on the maximum annual 15 minutes-rainfatemsity with 105 l/s/ha south-west of
River Danube and 90 I/s,ha north-east. These values are developed from the 1901-1955
series (Steinhauser, 1957). Other rain darstiand return periodse usually obtained

by employing the Reinhold (1935 & 1940) coeiiints. Reinhold's tietrcoefficients are
applicable for return periods up to 20 yedrsey are normally used as simplified pipe
design tools.

Lorenz & Skoda (2000): Desigainfall is calculated bpKM (Orographic Convective
Model; Lorenz & Skoda, 2000; HAO, 2003)sing partial series of the OKOSTRA
project (In the city of Vienna, only thelohe Warte series is long enough) and a
meteorological prediction mobldor convective storms with orographic influence.
Lorenz & Skoda corrected the measurenmamor by a 5% increase of raw data. The
orographic influence is accounted by inamating a 1.5 km raster elevation model.
Durations range from five minutes to 12 hoansl return periods from 0.5 to 100 years.
The authors recommend two formulas for retperiods larger than 100 years and a re-
evaluation of their results when improvednvective models and a larger rainfall
database are available. Electronic dats obtained from HZB via MA 45. These
model data are available for entire Austand is presently recommended in Lower
Austria for durations up to Bours and returperiods up to 100 yesrValues for other
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durations and return periotisive been re-evaluated (8ad, 2002). These numbers are
also published in the digital Austrian Hypdlsgic Atlas (HAO, 2003). Data represent
lower limits of maximum convective predigtion inside an area of 6 x 6 km.

Lower Austrian Federal government (Lower Austria, 2001): A review of the Lower
Austrian rainfall int@sities for the one-year 15-mirustorm was published in 2000. It
shows values from 110 to 120 I/s/ha around the city and up to 130 I/s/ha in the Vienna
River basin (Lower Austria, 2000).

OKLIM (2001): This database comprises extraped rain data ofeveral durations of
the 1991 to 1999 series of Hohe Warte.

The increase of the design values otiemre based on observations is evident by
comparing Steinhauser (1957), Auer (1988) OKLIM (2001). Higher values due to a
different model approach are obtained bydmz & Skoda (2000). High values of the
Lower Austrian series (1980) and Schifepdata (1970) are explained by the
geographical location of Hoh#/arte on the boundary dfvo regions. The curves
represent the higher piptation class. This underlines the importance of the spatial
variability.

For establishing the design rainfall amoufus flood investigationsn Vienna River
basin and protection reservoir adaptation,eatrapolation from the Lower Austrian
series (1901-1980) and Schimpf's datas performed by Neukirchen (1995), as
indicated in Figure 2.2. Both of these analysvere reassessed and it was concluded
that the storm depths were underestimatéigure 2.2 comprises the 30 % increased
values from the Lower Austrian series 1901980. It also showthe values proposed

by Lorenz & Skoda (2000) for the urban Vienna River catchment consisting of a curve
for return periods up to 100 years and twjuations for larger values. Due to the
orographic influence, the numbers for theal Vienna River basin (which are not
available) might be even larger, but they are currently reevaluated for annual
probabilities smaller than 0.01 and durations of more than three hours.

For this study, it is assumed that reliabléuea fall between the design values and the
Lorenz & Skoda figures, but there remains a considerable uncertainty concerning the
design rainfall depth. This uncertaintyegpressed by defining the design storm depth

as a random variable following an extrenvalue distribution and by explicitly
considering a normal distributetiindard error about the parders of that distribution.
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Figure 2.2: Comparison of 6 hours point design rainfall in the rural Vienna
River catchment.

As rainfall of a larger areaxtension has a smaller intensity as a point rainfall of a
given frequency, the design rainfall data hawde reduced to obtain estimates for the
basin precipitation. For the rurdl73 km2) and the entire Vienna River catchment (230
km?), areal reduction factors of 95 to &0 are found in Maniak (1988), Gutknecht
(1982) and Lorenz & Skoda (2000). As this rethrcapplies to all point rainfall design
values in the same way, it is neglected in the project.

The Vienna River has a mean annual flow, based on data from 1981 to 1999, of 1.16
ms/s (HZB, 1999). The maximum dischangas estimated for the 18 May 1851 event

with 600 m3/s at the outlet of the Vienna Riw&to the Danube (Bauer, 1993). Some of

the larger events in the 20tentury were estimated #ite gauge Kennedybricke at km

7.65. Water surfaces have been recorded since 1904 and discharges since 1981. The
Vienna River has experienced extremely laiigess in the past, as illustrated in Table

2.1 and Figure 2.3.
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Table 2.1: Estimates of peak discharges during significant floods at gauge

Kennedybriicke, km 7.65
Peak dischargeReturn Period  Date Reference
[m*/s] [a]
472 70 April1951 Bauef1993)
374 30-35 Jul 975 Bauef1993)
138 20-25 Mayl 991 Bauef1993)
317 7. July 1997 Neukirchen (1997), according to rating curve
285 <50 7. July 1997 Neukirchen (1997), adjusted
193 7. July 1997 HZB (1999)
125 21. May 1999 HZB (1999)

Figure 2.3: Vienna River at km 8 during normal flow conditions and during the
1975 flood (Source: Gewdsserschutzbericht 2002, BMLFUW)

However, problems related to the estimatminthe probability of larger discharges
include undocumented changes in gauge zmefore 1958, gradually varying flow
conditions, and hydraulic jumps (MA 45, 2001a). Data from 1962 to 1971 is missing.
As the available gauge series are not teng and reliable, rainfall-runoff models are
used for design and analysis purposes. For the recent upgrades of the Vienna River
flood protection system, which started in 196d&ichment models were developed that
account for rainfall-runoff, routing and stomgrocesses. These models provide flood
hydrographs entering the urban river reache Trban storm water runoff is estimated
and added along the river. i assumed that the reoceamce periods of rainfall and
discharge are equal. Catchment modelsevestablished by Neukirchen (1985) with a
simplified flood control basin performance estimation, IWHW (1988) included a
hydrologic retention basin model and Neukign (1995) established a rainfall-runoff
model as a basis for the projected reakticontrol system. This model was calibrated
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by two flood events of 1991. The largest padikcharge and volume at the city's
entrance were calculated for the six hostsrm. The urban runoff contribution is
calculated with a rainfall-runoff and hydngtamic transport model (data e.g. in
Neukirchen, 2000).

2.3 Elements at risk

Several elements at risk (EAR) are locat@ the urban river vicinity. The most
endangered is the subway line U4 at tlghtriembankment. For 7.5 km, it is situated
mostly in open sections beside the riveefore it enters #h underground track. A
partition wall protects the subway lineofn floods. Portable flood barriers can be
installed in two locations in order to pext the overflowing wateamounts from being
conveyed to underground sections of thee lihat include major subway junctions.
These emergency measures were installechtigcand require a 6-hour lead time for
installation. At the left embankment main roads are located, together with densely
populated areas. Various siee/pipes are placed undée road embankments.
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Figure 2.4: General situation of the urban Vienna River with the main elements
at risk. Map: BEV, OK50

The construction of the first city railwaalong Vienna River was started in 1894, and
opened for the public 1898. It was closed dowfh918 and re-opened as an electric line

in 1926. The stepwise reconstruction i@ current transport system was begun in
1976 and completed in 1981 (Prillinger, 2000)There are a variety of failure
mechanisms that could lead to severe dan@agfge subway. The term "overflowing" is
used for a situation where the mean water level is higher than the wall crest. This
contrasts with "wave overtopping”, which reféosthe temporal and spatial oscillations

of the water surface over the flood walllthough no past inundation or other flood
damage to the subway or the embankmentoleas reported, it is generally agreed that
wave overtopping and overflowing of the subway wall may occur at floods slightly
larger than a 100-year event. In caseirdénsive overflowingand the absence or
malfunction of the transverse portable flood barriers located at the track at
Langenfeldgasse (upgraded 2001) and Nasckin(since 1999), the U4 subway line
acts as a flood bypass conveying water dowastr to the junctions Langenfeldgasse,
Karlsplatz and Landstrasse where the tlswnaf nearly all connected lines are
inundated.

In addition, about one kilonber downstream the Auhof basi local inundation of both
embankment roads may occur.

Another failure mechanism is wall collapse. The masonry subway partition wall was
constructed about 100 years ago and sylsatly restored. During floods, it is
subjected to hydrostatic amtynamic horizontal water forces and in unfavorable cases
also to pore water pressure acting in thdl yeents and fissuresConsidering the wall
geometry of bends in plan view, the stréndepends also on the arch action: Concave
bends have a slightly higher resistancergeahorizontal forces appear only with
extreme water levels and the loss ofiklguum may cause rapid overflowing. A final
failure mechanism is the collapse of embankiveall on either the left or right banks.
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Figure 2.5: Subway network and protection measures. Map:
http://www.metropla.net/eu/vie/wien.htm

The stability of the embankment wall depemasintact subsoilupporting the concrete
foundation which may be affected by the depenent of large swurs clog to the
foundations. This can happen after the invertemal is destroyed by the stream's shear
force. It is assumed thatténsive foundation scouring resultsa wall failure leading to
severe damage on the left embankmentiar@bnsequence thewrveying capacity will

be reduced by wall and backfill material. The backwater effects will increase the
probability of the above mentioned failure medH this occurs on the right bank, rapid
overflowing into the subway line and stations could occur.

2.4 Flood protection

Because of the problems discussed abond, recause of the desire for an improved
ecological and recreational character foe thver, a suite of activities has been
identified. An interdiscipliary study (Bauer, 1993) comigit ecological and technical
iIssues to produce a solution that focusegamonstructing, extending and adaptively
controlling the flood protection works. Inder to improve flood-carrying capacity of
the channelized river and to improve water quality, the study further proposes a large
urban storm water bypass channel below turrent riverbed. Urban storm water
discharges can reach up 200 m3/s at the mouth of Vienna River in extreme cases
(Bauer, 1993; MA 45, 1996). This goal of thmject is to reducthe 1000-year design
flood of the rural river basin from its origih(pre-1990) value of 475 m3/s to 380 m3/s.
The entire urban storm water will b@rwveyed in a bypass channel located in the
current riverbed. In addition, farecast-based runoff modelrfoeservoir control will be
installed and the retention schemes (Fégbrl) shall be adapted. The Mauerbach and
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Auhof schemes have been rehabilitated toesecological and reeational purposes in
addition to their flood-proteain role. The re-design of éhreservoirs was based on
hydrologic simulations with a rainfall-runoffiodel that was calibrated by the May and
August 1991 storms. Future work will focus on rainfall forecast for the real time
controlled basin operation and the impleta¢ion of a warning and basin operation
system.

The current situation (March003) of the flood protection siem in the Vienna River
basin is characterized by a sequence of paptyraded detention reservoirs and a 12 km
channelized urban reach. Both the flood cdrissins and the urban river reaches were
engineered from 1895 to 1902. Apart from repairs undertaken avdaghcentury, the
urban river is mainly in the constructed staf 1900. According to a critical analysis in
the eighties, the retention basin perfonte was found insufficient for adequate
protection requirements as very large logiaph peaks such the generated 100- and
1000-year events pass the flood control fmsivithout considerdd reduction of the
flood peak (IWHW, 1988). This was due to iasufficient storage volume and control
capacity, causing premature bagiling of the Auhof reserves by tributaries of the
adjacent hills and by the increasingubch of the Vienna River hydrograph.

Mauerbach scheme

Tribﬁt Auhof scheme

Mauerbach
Reservoir

Weir
Figure 2.6: Auhof and Mauerbach retention schemes (MA 45, 1996)

The Auhof flood storage system consists otipatream basin drébuting the discharge

into the bypass channel dhe storage cascade consigtiof five basins. During
upgrading works, completed in 2001, the wenests were partly heightened and
hydraulic steel structures were upgradetaidaptive control purposes. The landscape of
the basins was re-designed under an aggodl viewpoint. The Mauerbach basins
consist of a distribution basand a storage basin. Similar changes to those implemented
in Auhof were also conducted at Mauach reservoir and were completed in 2001.
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The Wienerwaldsee is an artificial resgr with a 13,5 m high barrage that was
constructed in 1894 for drinkg water provision of demand peaks and emergencies of
up to 24.000 m3 per day (Bauer, 1993). Planglmeen drawn up @dapt this basin to

serve flood control purposes. These include an extension of the barrage and an
expansion of control capacity. However,aisMarch 2003, theseorks have not been
started. Some of the reasons for this isfdwt that other drinkig water sources will

take over its capacity in 2005, and the furth@ization of Wienewaldsee is therefore

not clear. The options of selling the batinthe adjacent Lower Austrian communities

or using the basin purely for flood protexti purposes have been broadly discussed
(Kurier, 2002).

The hydrologic investigations in thisusly distinguish among several construction
and operational states okthetention basin system:
1. Hypothetical natural ate without any artifi@l retention capacity
2. Reservoir state before begingiof the upgrading works in 1997
3. Recent (2002) state
4. Reservoir state after completed upgngdif Auhof, Mauerbach and Wienerwaldsee

The effect of upgrading the gtection system from no retém effect to full operation
of all 3 reservoirs othe 1.000-year design flood pealdismonstrated in the upper and
middle hydrologic profile from Wienernddsee to the mouth in Figure 2.7. The
remaining discharge in Vienna River in m&<olored blue. The lower profile exhibits
the influence of the urban storm water bsgpachannel. A detailed description of
structural and operational $ia states can be found Bauer (1993), MA 45 (1996) and
Neukirchen (1995; 1996; 1997).

Table 2.2: Projected retention basin storage capacity along Vienna River

Retention Basin Flood storage volunig [m

Neukirchen (1997) Neukirchen (2001)
Auhof 1,160.000 720.000
Mauerbach 160.000 160.000
Wienerwaldsee 520.000 630.000
Total 1,840.000 1,510.000
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3. Hydraulic Assessment Model Development

The following discussion has been adaptennfithe discussion in Faber et al. (2003)
and summarizes the work described in much greater detail in Faber and Nachtnebel
(2003). Technical details of the data and n®desed can be found that reference.

The objective of the hydlogic and hydraulic analysis wés come up with an estimate

of the frequency of failureof the investigated proteotm system and to give an
approximation of the severity of a failuevent. These are intended as inputs to the
[IASA catastrophe model. Uncertainties i timput data are processed by Monte-Carlo
methods.

3.1 Stochastic Hydraulic Model - Summary Description

For modeling the watershed hydrology, the falrdepth that was sampled for a defined
return period is transferred into a peak discharge by stepwise deterministic relations for
different constructional andperational detention reservostates. These transfer
functions were derived from rainfall-runoffiodels for the rural and the urban river
reach (Neukirchen 1995 & 2000). The uncertaintthese models is not included in the
Monte Carlo approach. The estimation of retevdow parameters was carried out with

a modified version of the hydraulic 1@eady flow model HEC-RAS (HEC, 2001). The
HEC-RAS code computes water levels bgamting for sub- andupercritical flow
conditions, backwater effects from channehstoictions and transverse water surface
inclination in bends. The computational kelnof HEC-RAS was used within a Monte
Carlo simulation framework to assess thebability of failure conditional on user-
defined return periods. In addition to thea discharge described above, several basic
random variables were introduced in tionte-Carlo simulations in order to
incorporate uncertainties in the channalighness, the river cross-section station and
elevation and the energy losiie to bridge constrictiond=rom the output of each
hydraulic model-run, the occurrence oiveml possible flood-induced failure modes
was evaluated. These failure types coswroverflowing, structural damages like
tipping of a flood wall, scouring of the riveed and collapsing of river bank structures.
If a deterministic analysis is performedthvexpected values, the structural failure
modes will not occur. However, the goal of this section is to introduce parametric
uncertainties that may result in system faglat river flow rates close to, but not
exceeding, the design flow.

The system of equations describing water llegea function of channel parameters and
river flow rate is too complex to propagatecertainties analyticigl Therefore, Monte-
Carlo simulations are performed by samglinputs to the hydrawlimodel to provide
empirical conditional probabilities of failure H{r), given specified return periods Tr =

t (e.g. t =50 or 100 years). A faikicurve, indicated in Figu®2 a) is fitted to the data
points in order to obtain aatinuous function. The simulated events have different, but
well defined return periods which represdhe basic inequalityfor developing the
weighting function of each simulated scaoaiThe probability ofa variable X being
larger or equal to a defined valuéndicated by the reta period Tr=t:

(3.1)
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As the equality P(X = xt) is usually describly a probability derity function, which is
not known, a numerical solution thiDt = 1 year is perfoned. Equation 3.2 is used as
the weighting function assigdeto the conditional probaliy described by the failure
curve.

1 1 1

P(X =x,)="P(T, :’)Ez_ﬁlzr(ﬁl)

a) Conditional probabitly of failure P(F|Tr)
b) Weighting function for conditional pbabilities of failure P(Tr =t)

(3.2)

The total probability concept (e.g. in Ang & Tang, 1975; Plate, 1993) is used for the
integration of all conditional probabilitiegeighted by their ocetence probability and
gives an estimate of the probabilityatithe system fails in one year:

P(F)= gP(F|Tr —o) 2t

r(r+1)

For the failure assessment, basic random variables are introduced describing the
water pressure in the flood wall, the criticaler bed material's shear stress and the
scour depth and centre foretiailure mechanism. Furthethe partly blocked flow
profile due to collapsed bank structures aadkfill material is explicitly modeled by a
randomly changed cross section geometry.

(3.3)

3.2 Stochastic Hydraulic Model - Parameters

3.2.1 Design storm depth parameters

The storm depth is modeled by a Gumbelriistion. The required parameters for this
distribution are the mean value and standdediation sN. Parameters have to be
estimated from design recommendations, timg of few N(Tr) points for the given
storm duration as the underlying record sedass not available. The parameters were
estimated by manually fitted curves in Figu.1, and the discussion on the accuracy of
design values the preceding sections. T@blegives an orientation for the parameter
estimation:

Table 3.1: Expected annual six hour storm depth

Lorenz (2002) Schimpf (1970) Lower Austria (1985)
N(Tr =19 32.8 mm 27 mm 28.51 mm

The assumed parameters are = 29.44 mchsiN = 16.75 mm, indicated by the black

lines in Figure 3.1 The extrapolated valuepresent expectations based on potentially
erratic data and a limited sample size, themeBbmeasure of uncertainty is developed.
For a numerical solution, the basic variablassgstimated by E(sN) in order to express

SE. Table 6.4 and Figure 3.1 show tbil scattering and its components.
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Table 3.2: Estimated parameters and Gumbel statistics

Table 3.2 exhibits expected values NTr, data scattering SE due to limited sample size n
and raw data error K(Tr)ssN, and sNTr. Gagwndicating +/- 2sNTr (95.4% confidence
interval) are indicated. For modeling purpsssimilar results can be achieved in a
simplified way by representing all uncertainti®sthe standard error se(Tr). In order to
achieve corresponding plausible scattering utgerlying sample sizie reduced to n =

30. The mean value is estimated to 29m#, the standard deviation is chosen
manually to 15.7 mm.
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Table 3.3: Simplified Gumbel parameters and extrapolated rain-depth values.

34



=00
P—t—Lor=nz & Skods [2000) H=228+224Ln(Tr) } } Il
Bl 1
" " g [ —Lorenz & Skods [2000) N= NTr=100){ 45*InTr /
LORENZ & SKODA MW= N[Tr=100]/ 2.4 * T*0.13
80
Design “aluss for Wien River basin [Meulirchen, 1955] , f
Schimpf: K25 [ 1570) /
N, LR 560 mm [ 1925)
N0, LR S060 mm [ 1985] + S84 ] |4
] o "1
———0Gumbd paramaer epecttion L. ’ s
. —— =
= =Gumbd expeact=tion +- 2sE /'/ L
00
—r
a0
0 — ' ¥ ————
1 ) A 000 i ] 20000

Figure 3.1: Design values of 6 hours storm depth in Vienna River catchment
with fitted model curves according to Table 6.5: Expectation +/- 2 sE

The standard error SE obtained in TaBI8 corresponds to 12, 15 and 16% of the
expected NTr of the 10, 100 and 1,000 ymant respectively. dbilis (1990) estimated

a standard deviation of 15% of the expeaatteme rainfall in Austria. DWD (1997)
and Skoda (2003) report similar dewwais for Germany and 24-rainfall in Lower
Austria. As the expectations and confidemdervals of the simplified and the detailed
uncertainty investigation diverge by lessaurthl and 5 mm respectively, the simplified
approach is implemented the hydraulic FORTRAN-miel developed by Faber and
Nachtnebel (2003).

3.2.2 Rainfall - runoff transfer

The concept for transferring the storm dejotio a rural and an urban contribution was
discussed in a preceding section. The stbepth-peak discharge relations implemented
in this study are mostly derived from tbalibrated catchment model for the rural river
basin (Neukirchen, 1995) and from a hydynamic urban runoff model, which can
handle the conduit network whénis loaded over its cagity (Neukirchen, 2000). As
both projects provide barely information some discrete evenend the underlying
models are not available,elcontinuous curves comprisssumed data points beyond
the conventional design calculations and lisear interpolation. The assumed data
points were obtained via the radepth-peak discharge gradien Figure 3.2. Table 6.6
presents a summary of the employed quastitf the six hourstorm depth and the
rural and urban peak discharges.
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Figure 3.2: Storm depth-peak discharge transfer curve for the 6 hours rainfall in
the rural Vienna River watershed at node Halterbach
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Figure 3.3: Gradient DQ(N)/DN from rainfall-runoff simulations (Neukirchen,
1995) with runoff coefficients y(N)
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The rain depth-peak discharge curve natde Halterbach, théowest node of the
hydrologic model, for the system state withoetention basins is extended by a peak
runoff coefficient of y = 79.6 % (v. FigureZand Figure 3.3). This value is assumed
constant due the steady pptation losses of saturated soils. The magnitude
corresponding to DQ/DN = 6,38 m3/s pelddional 1 mm precipit#gon in 6 hours in

the 173 km2 watershed is determined aspiak flow increase b&een the simulated
118 and 134 mm/6h scenario. The rain depsicharge curve at Halterbach for the
system state before retention basin adaptas extended by a peak runoff coefficient
of 65.5%. This number is smaller than the former due to the natural storage in the
uncontrolled reservoirs. It fers to DQ/DN = 5.25 m3/s,mm in 6 which is the peak
discharge increase betwe#re simulated 118 and 134 mm/6h scenario. The curves
representing the completed adaptation amdabsumed current state at Halterbach are
supposed to converge to the natural storaggtion when rain gghs become much
larger than the designed controllable capacity.
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Figure 3.4: Transfer curves of storm depth and reduced discharge for the urban
Vienna River catchment and the 6 hours rainfall. Curves represent different
river stations.

The relations for the urban runoff were extended by using the mean peak runoff
coefficient of the 118 to 134 mm segment & five curves indicated in Figure 3.4. Due

to the dependency of rural and urban rdinénly a reduced amoumt the urban runoff
accounts for the design events of givetume periods. The numbers in Figure 3.4,
resulting from hydrodynamic urban rainfallroff simulations and the decrease to 70%
are established by Neukirchen (2000). ®aBl4 shows a summary of the employed
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rain-depth - peak discharge relations foe rural and the urban catchment and their
design return periods.

Table 3.4: Summary of 6 hours rain depth - peak discharge relation

3.2.3 Probability of failure

The hydrologic/hydraulic simulations for tkkenditional probability of failure indicated

in Figure 3.5 cover scenarios of 12 returmiqes Tr and different states of the flood
control reservoirs: The difference of a small shift in the fitted failure curves stems from
activating Wienerwaldsee reseiwvfor active flood storage.
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Figure 3.5: Conditional probability of failure for the current (1) and the projected state
of the flood control reservoirs. Crosses denote simulated data points; curves are fitte to
obtain continuous functions. A) Logarithmic. B) Lognormal

The failure curves in Figure 3.5 are three-branched logarithmic (LOG) and a
cumulative log-normal function (LN) which are processed with the total probability
concept into the probability of failure. The alindeviation of P(F) of the state before
upgrading the retention schemes Auhof &hauerbach and the ment state can be
explained by hydrologic simplifications, tleeude underlying datassumptions and by
the unintended smoothing et of curve fitting.
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Figure 3.6: Total probability of failure for different structural and operational
retention basin states
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4. Damage Assessment Model Development

The objective of Chapter 4 is to developamnpirically justified approach to modeling
financial losses from flooding of subwaylere, we only consider direct tangible
damages. This is carried out via a twospmyed approach. The first approach is to
examine past instances of catastrophic floodihgubways. The sead approachs to
examine and extend analytical approximations that were employed by Neukirchen
(1994) based on expert judgment, to estethae losses from a catastrophic flood. These
approaches are then compared and harmonized to develop an empirically justified
model for estimating the damages. A major adsgatof the review of past cases is that

an approximation of the uncertainty in tresults can be developed by looking at the
ranges of damages in previous major floods.

It is clear that damages to a subwagteyn would be funatn of many variables,
such as:

e the length of track flooded,;
¢ the level of standing water in the stations and along the rails;

e the duration of the inundat (e.g., electrical systems may be designed to
withstand short periods of rain bwbuld fail when completely submerged
for periods of hours or days);

e the velocity of the water (e.g., a slow rise in water level may not damage
ballasted track, whereas a high vetpccurrent may scour ballast and
foundations.);

e the amount of warning time available to take mitigation measures (e.g.,
operating protection systems, ialiihg additional pumping capacity,
removing high-value equipment such as computers, etc.);

e The composition of the floodwaters (e.g., s@ter, silt-laden water, etc.):

e Others not identified above.

Unfortunately, data do not exist to adeqlyatdharacterize the quétative relationship
between all of these factors and the damexjgected after adbd. The situation is
similar in this regard to the long-stiing practices in potential flood damage
assessment, which is able to use only aetubkall possible contributory factors to
estimate flood damage. In this report, an approach to damage estimation will be used
that is conceptually similar to that of the use of depth-damage curves for flood damage
assessment [Penning-Roswell et al, 197daNeét al., 1990; Dasiand Skaggs, 1992].

The basic approach to estimating the flood damage during flooding of the subway is to
presume that there is a reédaship between the length wack flooded and the resulting
direct damages, as carried out by Neukirc{i©94). This relationship can be expressed

as follows:

DD=a-L (4.1)
where

40



DD is the direct damage,
L is the length of track flooded, and
a is the relationship bewen the two variables.

Because we were unable to obtain adequatermalpilata on the effect of other factors,

and because we wanted to connect the output of the hydraulic model to the damage
estimation model, we evaluated the auop of the magnitude of the flooding by
introducing a modifying factoto adjust the damaget®sates produced by Equation

4.1. The modifying factor islefined as a function of theate (m3/s) of overflowing

water.

B = f(Qoverflowirg) (42)

where
B is the damage multiplier, and

Qoverflowing IS the rate at which water enters the subway system due to overtopping or
wall failure

Because there was no information auJaga to evaluate this function, it was
implemented in the model by the use otanstrained engineaq judgment. It was
presumed that the results of Equation #fdresent reasonable worst case damages and
the modifying factor is defined on the intal (0,1). For convenience, we choose an
exponential function of the form

B =1—g Qo (4.3)

This functional form has the advantage bafing continuously differentiable and of
rising to close to the maximum at a ratetolled by the constafambda. In order to
evaluate a conventional valter lambda, previous anakys by Neukirchen (1994) were
evaluated on the basis of engineering judgmdnivas presumed that the platforms are
rather quickly inundated after water begifiewing into the sbway channel. We
presume that damages begin to be incurredrate of 20 m3/s ral that an overflowing
water discharge of 63 m3/s is sufficient to lead to significant damage in the subway
system. The water level in downstream subgt@ayions was modelddr this flow rate,
and it was shown that theater level would inundatglatforms by significant amounts
(0.5 -2 m.) . Based upon this, we presume ghiaivel close to the "maximum" level of
damage (damage percentages corresponditig toomplete inundations experienced by
Taipei, Prague, and Boston) are reachedoat fiates slightly higher than 63 m3/s. We
therefore choose lambda taeld 50% of the maximum at a flow rate of 20 m3/s.

The rather simplistic manner in which thecfor is treated shouldot be taken as an
indication that this is trivial. This factor is very important in the integrated assessment in
that it is the point of linkage betwedhe output of the hydraulic model (Faber and
Nachtnebel 2003) and the damage modelwhlsbecome apparent, the results of our
model are not particularly sensitive to the fiimigal form of this factor. This is due to

the nature of the floods faced by the systamder study. Flash floods which result in
rapid rises in water level to the level rasg in maximum damage tend to reduce this

to a binary 0/1 variable. This may not be ttase in other systems, in which the system
reliability may attenuate flows or in which te&ements at risk havbe ability to absorb
exposure to the hazardefore reaching 100% failurédpplication of the approach
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presented in this report would require a caretuisideration of theppropriate form for
this factor.

The final form of the damage equation is therefore
DD = {1 g " %towm (4.4)

It is important to note that this procedyields only a crude approximation to the actual
damages. The use of such a simplgpraximation inevitably introduces large

uncertainties in the resulting calculated dgesa However, there is insufficient data to
adequately quantify the results of the otlf@ctors. The examination of actual case
studies, and the explicit evaluation of the uteaties, is thus a critical part of any

analysis such as this.

With this approach in mind, we turn our attention to the development of an appropriate
value for alpha and its attendant uncertamtiWe will do this by a review of case
studies and by examination of the aggwh implemented by Neukirchen (1994).

4.1 Case Studies

A review of news reports was carried datidentify cases oflooding on subways.
There have been a number of cases of fldaigways reported in the last decade. In
December 1992, a powerful storm near New YGity resulted ircoastal flooding that
inundated the Hoboken Terminal of the PArdthority Trans-Hidson Corp (PATH).
Approximately 1 km of the PATH tunnel wdlooded (Beardsley, 1993). In June 1999,
heavy rainfall resulted in the inundation éveral subways in the city of Fukuoka,
Japan, due to the sudden overtopping efNtikasa River (Todand Inoue, 2002). On
17 December 1999, the subway system ira€as (Venezuela) was shutdown as a result
of flooding (Jones, 1999). Several daysrah in Chile in June 2000 shut down the
subway systems in Santiago and Valparg@i$®el, 2000). However, damages from these
cases were not reported.

There have been at leasiuf cases in the past decade where floods were reported to
have caused direct damages (repair costs) of greater than 10 million euro and service
outages of more than a wed@kwo of the most severe @ssoccurred during the course

of this study. These cases (Boston, October 1996; Seoul, May 1998; Taipei, September
2001; and Prague, August 2002}k described below.

4.1.1 Boston, Massachusetts, USA

The Massachusetts Bay Trangp@uthority operates four pad transit lines comprising
100 km in the metropolitan Boston area known ligcas the "T". One of these, which
includes the oldest subway system in thatééh States, is the 40 km Green Line (so
named because it runs along the parkesystiesigned by Fredck Law Olmstead
known as the "Emerald Necklace" of Boston).

On the weekend of October 19-20 1996, a gxdw storm system delivered over 250
mm of rain in Massachusetts over a periodwad days. The rainfall caused a tributary
of the Charles River known as the Muddy Rit@ overflow its banks near its junction

with the Charles River. This, combinedthwvthe backing-up of the local drainage
systems due to the high river stage inheldy River, caused floodwaters to enter the
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subway system between the Kenmore SqaatkHynes Convention @Geer / ICA stop.

The majority of the damages reeassociated with the 53,000 of water that filled the
Kenmore Square Station to a depth of oseven meters. Otherse-flooded stations
included Symphony, Prudenti®dlynes, Copley, and Arlington. The total length of track
flooded was approximately 2-3 km. [Brown, 1996 a, 1996b; CDM 2001; Moore and
Chiasson 1996; Mercurio 2002].

Figure 4.1: Images from flooded Kenmore Square Station. Photo Credits:
WBZ-TV/CBS, WLVI-TV/WB, John Tlumacki (Boston Globe)

The design flood standard of the Boston me&tas not reported, although the storm was
reported to be an approximately 200-yeargvDamage was quite extensive. Damaged
items included track switch motors, signgl systems, power distribution systems,
tracks, and escalators. Muci the system was restoréd operation within a week,
although signalling and trackwitching was done manually for some time due to the
loss of the electrical and communication systeNws.deaths or injuries were reported.
The total damage was estimated to possihgeed $10 million, and the total cost of
upgrades to the signaling system was dd@® million. A portion of the repair and
upgrade costs were to be financed bg federal government through the Federal
Emergency Management Agency. (Brown 1996a, 1996b; Mercurio, 2002)

An interesting aspect of the Kenmorgu@re flooding is the fare of a portable
floodbarrier system that had been insthiddter a catastrophicdbd in 1962 (Mercurio,

2002; Moore, 1997). Although the slots for a barrier had been installed, the boards used
to block the system could not be locatedtime to preventhe floodwaters from
entering the station. Althougbandbags were places ty tio prevent waters from
entering the station, the efforts failed,they had in 1962. The revised operating plan
calls for provisions to adequately sectine boards used to coiefe the floodbarrier,
including keeping the board&inder lock and key neahe tunnel entrance". The
temporary system has been installed on fiifferent occasions since the 1996 floods
(Mercurio 2002).
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4.1.2 Seoul, South Korea

Subway line Seven, owned and operabgdthe Seoul Metropiban Rapid Transit
Corporation, links northeast and southtv@soul. Construction on line 7 began in 1994
and was completed in 2000 at a total cokB68.4 billion won (approximately 800
million euro). The total line comprises 42 stations over a distance of 45 km between the
Jangam and Onsu Stations (Korea Times, 2000).

A review of press reportsgided relatively little data othe flooding that damaged the
line on May 2, 1998. The flooding occurraghen retaining walls installed at a
construction site on subway line sixstalled along the Kungnang Stream were
breached at 7:30 in the morning during aherainfall. The water flowed into the
Taenung Station on line seven nine minutdsrJaand proceeded to inundate eleven
stations over a length of approximately 11 with approximately 800,000 m?3 of water.
The primary damage was to flooded electaicilities and commugation systems. The
damages were reported to amount to appnaiely 45 billion won (approximately $35
million). Line seven was completely out @beration for nine days, and was operated at
reduced capacity for a further 35 days. Time suffered a declm in ridership of
approximately 40% (from 500,000 to 300,000neouters per day) as a result of the
reduced capacity. (Kea Times 1998a, 1998b).

4.1.3 Taipei, Taiwan

The Taipei Rapid Transit Corporation (TRTC), a joint stock company primarily
financed (74%) by the Taip&ity government, operatesxssubway lines which total
66.7 km of track in the Taiwanese capital city of Taipei (http://www.trtc.com.tw/).

On September 16-17 2001, Typhoon Namdarced 425 mm of rain over Taipei ,
causing the worst flood in over 400 ye&&hang 2001). The rains caused extensive
flooding of the metro, resulting in the suspem of operation oflasubway lines with

the exception of the elevat Mucha line (Hsu 2001). €hheavy rains flooded the
control center inthe basement of the Taipei Ma8tation, the Kunyang Station, and
damaged the "third rail" between thenRan and Longshan TetepStation on the
Pannan line. The flooding of the main raifwstation occurred twelve hours after the
flooding of the Kunyang Station. The floodters entered at the Kunyang station and
through a 6 m? hole in the basement of the Chunghsaio-Fuhsing station. The hole in the
basement of the Chunghsiao-Fuhsing station apparently was an overlooked construction
item, as the hole should hateeen closed when consttionn was completed. However,

the contractor had failed to fill in thepening as required (Chuang 2001). Attempts to
sandbag the high point in the line at tfengChun station were unsuccessful, and the
floodwaters entered the Taipilain Station at 11:45 AMbn September 17. The MRT
Control Station is located in the third lowewel of the Taipei main station, and the
computer servers and powsupply are located on the falrlower level. By 1400 the
floodwaters from the main raily line had also ¢ered the Taipei Ma Station. By

late afternoon the amtrol center had to be abanddneipproximately 30% of the
computers and screens were lost, andoglthe power supplies and cables (Kearns
2001).

The line between Kuting and Nanshihchias reopened on September 20, and the
north-south Tamsui-Hsientien line was batkimited operation on October 1 with the
exception of the Shuanlien stop and the &aldain Station. T Panchiao-Nankang
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line between Hsinpu and Hsimen was restioto operation on October 14, with the
Hsiaonanmen extension opening on OctoberBy7October 14, the system was up to
58% of its pre-typhoon daily average of 90 passengers per day. The line between
Hsimen and Chunghsiao-Fuhsing was reaokeon October 27 [Shu-Ling, 2001].

Figure 4.2: Cleanup and repair work on the MRT Photo credits: George Tsorng,
Taipei Times

The design standard for flood protection & Faipei metro was a 200-year flood event,
which was exceeded by Typhoon Nari. AccagdiKuo Tsai-ming, deputy director of

the TRTC, the most affected systems w&emmunications equipments, escalators,
fire safety equipment, the drainage syst and the wire and ventilation systems
installed in the ceiling” (Shuing 2001). Another report indicatéisat the repair of the

electrical systems was "by far the maktunting task” (Chou 2001). No deaths or
injuries were reported as a result o tubway flooding, although approximately 100

persons were killed during the typhoon, mainhaagsults of mudslides in the north of
Taiwan.

Reports of the estimated direct repaistsdfor the flooded sulay ranged between €66-
140 million (NT$2-4 billion) damage @arns, 2001; Surenkok 2001). A final report on
the total repair bill was lowered to $53 miliiodue to cost savings associated with
"donations of construction materials and regtli prices from congmies not wanting to
be seen making a profit from the typhooafsermath” (ref). Funding for repairs were
sought from the municipal Department ofgthTransit Systems, which sought to raise
such funds from both the central governmeshivell as from "austerity measures" from
other municipal bureaus and departmentai(6ing, 2001). Insurance was not in place,
as the system is insured only against éirel lightning damage. According to Lee Po-
Wen, chairman of the TRTC, the systemsw®t insured against typhoons due to the
high annual premium costs of €3.3 milliar,NT$100 million per year (Kearns, 2001).
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4.1.4 Prague, Czech Republic

The Prague metro, built in the 1970sdal980s and operated by the Prague Public
Transit Co. Inc, consists of three linesvering fifty kilometers with 51 stations
(ww.dp-praha.cz). Daily ridership is approwtely 1.2 million. Because the system
was also designed to serve as a fallout shettany stations were built with steel doors
designed to seal off the #stns in the eventof either floods ornuclear attack
(Krushelnycky, 2002).

In August 2002, the Bohemian basin ree€ivtwo exceptionally heavy periods of
rainfall as a result of a slow movingpical depression. The first occurred between
August 6 and 7. The second period occurred between August 11 and 13 (www.praha-
mesto.cz/povoden). In Prague, the Vitavarrivegan to rise on August 12. On August
14, the river rose rapidly and overflowedhitsnks (Kikuchi and Sasaki 2002). The low-
lying Karlin district was the most severedffected. Although barricades were erected,
the water level exceeded the 1 m height efliarricades, and entered into the Florenc,
Krizikova, Invalidovna, and Palmé&a stations on the B line ithe Karlin district and

into the Nadrazi Holesovice subway/trastation on the C line (Metrostav, 2002).
Because of the depth of teabway lines, water cascadéuough the tunnels, flooding
approximately seventeen staio(see figure 4.3) over a distance of approximately 20
km. Although the flooding appeared firsh the B line, the underlying A line was
flooded when a wall collapsed in the Musttation, which icommon to both the A

and B lines. One station (Flore) was reported to be inundat® a depth of 35 m, with

two trains remaining on the tracks (Carey 2002). Over one million m3 of water was
pumped out of the system (Konviser 2002). The return period of the water levels in the
Vitava were estimated to correspond to @ar flow. The peak flow rate during the
flood was estimated as 5,300 m3/s, which carep to a annual average flow of 145
m3/s and a 100 year return flow of 3,700m3 per secdmith:{www.praha-
mesto.cz/povodep/

The metro was at least patyainsured by Ceska Kooperaéi (Insurance Letter, 2002).
Approximately 100 million of a European Investment Bank loan was earmarked for
repair costs to the metro (CNA 2002). The leas a thirty year loawith a seven year
grace period (EIB 2002). There was considerable controversy surrounding the flooding
of the metro. It was reported that theezgency door in the Inlidovna station failed,
flooding the other stations. A complicating factor appears to behthamhetro was kept
running as the waters rose, due to forecastich predicted flood peaks considerably
lower than those actually observed.
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Figure 4.3: Extent of Flooding in Prague Metro (source:
http:/ /metro.mysteria.cz/povoden.swf)

http:/ /tom.vlakpage.cz/index.htm
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4.1.5 Summary
A summary of the damages resultingrr flooding on subways is given below.

Table 4.1: Summary of Reported Damages in Subway Flooding Incidents

M€ Boston, 1996 Seoul, 1998 Taipei, 2001 Prague, 2002

Total System Cost N/r 790* 15,000** N/r

Total Construction cost per kmp  N/r 18 ~180 N/r

Km Track Flooded 02/03/03 11 9-12 15-20

Amount of water (thousand mj) 53 800 (n/r) >1,000
Reported Flood damage ~10 40 60-140 66-240

Computed damage per km 1.3-4 ~3.6 0.9-12 4.44-16
*Line 7 only

**Entire system (86 km)

Damages were reported to be primarily agsed with electrical/electronic components
such as power supply systene®mmunications and signalingscalators, ventilation,
etc. Systems were typically completely afitoperation for week& months and were
operated on the basis of temporary meas(mesual signaling, etc) for up to several
months. Although there was significant losslié¢ during the events in Taiwan and
South Korea, none of this were reported to be due to flooding on the Suliemprted
deaths during these events were primadgsociated with mudslides, drowning in
swollen rivers, and electrocution from mdaged electrical equipment. A common
feature in all of these reported episodes thas human errors wermntributory factors,
and were major factors in some cases. &hesors ranged from overly optimistic
hydraulic forecasts to incomplete or inadeguaonstruction methodmnd the failure to
install or implement protective actions. We enthat an evaluation of the reliability of
any active system requiring human input onteol should include a reliability of the
operators. For some protective systemgeeslly those requing a high degree of
reliability, human error may turn out to lblee most significant limiting factor in the
reliability of the system.

With this information, we may estimate alpha on the basis of a statistical analysis of the
rather limited data. In order to estimate the damage factor, a full factorial design on
track length flooded and damage estimateas used to generate all possible
combinations of damage reported and triackyth flooded. This malts in tke following

table:

Table 4.2: Range of Length Flooded /Damage ratios

Boston 1996 | Seoul 1998 Taipei 2001 Prague 2002
Length Flooded(km] 2 2 3 B 11 12 12 |9 |9 20 [20 [20]15]|15] 15
Repair Cost (M€) 10 40 10 40 35 140 53 14053 6 |180|24Q 66| 18¢ 240
alpha 5.0 20 3.8 1B 3.2 12 44 16 b9 3.3 9.0 |12|4.4| 12] 16

A simple analysis of these values yieldlanean of 9.4 and a range from 3.2 to 20.
However, in order to avoid artificially weigyng the cases where there were additional
estimates (e.g., Prague), synthetic data paugre generated as taking the arithmetic

® However, Toda and Inoue (2002) report that an employee of a restaurant located in an underground
space died when trapped by the floodwatersnguttie 1999 Fukuoka subway flood in Japan.
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average of the length flooded and the repasts. An appropriate number of these
synthetic centroids was used (five for Seantl two for Boston and Taipei) to ensure
that all cases were equally weightedsifple arithmetic average is then 8.1.

A regression was performed to evaluatghal for the overall data set and shown in
Figure 4.5.

Raportad Ommmges (Wl )

Langih Fooded [ ]

Figure 4.5: Relationship between Reported Damages and Length Flooded

B Frequency i, B am

#Frequency (Adjusted)

5 50 >0-15 >»5-30
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Figure 4.6: Distribution of Length/Damage Ratios

To estimate the range, we examined a fraquelistribution, ashown in Figure 4.6.
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4.2 Analytical/Cost-Estimation Approach

A second approach is to deapose the subway system into major systems (e.g., track,
communication systems, power systems, etc.) and estimate the percent damage to the
different systems as a result of inundatidhis approach is similar to the approach
developed in the FLAIR report (N'Jai et 4090) and others to delop synthetic depth
damage curves. If the linear cost of thessteays (cost per kilometer as constructed) is
known, the appropriate percentages carmmdtiplied by replacement cost to yield a

total damage per length.

In Neukirchen (1994), the damage estimatmakes the assumption that the damages
could be estimated using a range of 10%hef construction costs and 15-20% of the
electrical costs. Acading to (Laver and Schneck 199@5k-built costs for for subway
systems in the US are as follows:

Table 4.3: Reported Costs of Subway Components (M$) from Laver and Schneck (1996)

Component Median Average Stdev Range
Systems* 1.9 2.4 1.2 14-54
At-Grade Components

At Grade-Ballast Guideway 1.7 3.9 5.4 1.2-17.9

At-Grade Center Platform 9.3 9.0 5.1 4-19

Station

At-Grade Side Platform Station 7.4 7.2 0.5 7-76
Underground Components

Underground Guideway 21 24 11 16 - 52

Subway Center Platform Station 29 28 13 8 -59

Subway Side Platform Station 24 24 3 20 - 27

* Systems represent primarily electrical and electronic components

Assuming that stations are located at intervals of approximately 1 km, the total cost of at
grade systems average 9M$ per km and range from 8-42 M$ per km, whereas the
average total cost of subway systems4gdéM$ per km and range from 25-120 M$ per

km. Electrical systems comprise approximately 38% of the total systems and guideway
cost for at grade systems but only 9% $abway systems (presumably reflecting the
larger component due to excawat costs). Presuming thatese ratios can also be used

to characterize the ratiof electrical installaon/total installation costs of stations, we

find that the electrical components are approximately 2.4M$ for subway systems vs 3.1
M$ for at grade systems). One would, a priexpect these to be similar. By way of
comparison, it appears that the Vienna metro is rather expensive. The overall estimated
construction cost was given as rangingnir 44-145 M€ per km with the estimated
construction cost of the U4 between OI8#r Veit and Kettenoickengasse (roughly
speaking, an at-grade sgst) given as 58 M€ per KmThis is above the range reported

by Laver and Schneck (1996) for the UditStates. The reason could be due to
inappropriate exchange ratasdaalso to the lack of inclusion of soft-costs and special
costs, such as land acquisition, utilityoeations, and various engineering design and

" The rates were originally given in schillings, which were pegged at at 13.7603 6S per euro in 1999.
Because the euro did not exist in 39%hen these estimates were provided, the cost is converted at the
official rate adopted when the euro was adopted. The range was given as 600 million to 2 billion
schillings per km, with the cost on the U4 between Ober St. Veit and Kettenbruckengasse as 800 M€ per
km.
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management costs. In addition, labor anddasts may also vaignificantly between
Austria and the US.

If we assume that the electrical componaaisprise approximately 40% of the cost of
at-grade systems, and that the damages to electrical systems are approximately 15-20%
of construction costs and damages tonstructions are approximately 10% of
construction costs, then we obtain amadged fraction ranging from 11-14% of
construction costs for at grade systemd 40-11% for subway systems. Using these
ranges, and applying these values tordreges reported above in Laver and Schneck
(1996) for at grade systems, we obtain ageaof 0.9-6 M$ pekm. Application to

subway systems yields 2.8-17 M$ per km.e@an perform a similar exercise for costs
associated with the Vienna metro.

Table 4.4: Ranges of Damage per Kilometer flooded, Method 2

Damage Percent Total Costs
At Grade 8-42 M$ 10%-14% 0.8 -6 M¥
Subway 25-120 M$| 10%-11% 25-13 M$
Vienna, at grade 58 M€ 10%-14% 5.8-8.1 M€
Vienna, subway| 44-145 M§ 10%-11% 4.4-16 ME

C. Summary

The data from the empirical studies sugg#sas the values foalpha could range from

3-20 M€ per km of track flooded, with a most likely value aroundte results from

the engineering estimation yield estimatesMeen 1 and 16, with a most likely value
between 5 and 12. Consideritige manifold uncertainties, we consider this to be
relatively good agreement given that these estimations were developed using
independent methods.

In light of these examinations, we have defined the values of alpha and beta according
to Table 4.5. It is felt that these represereasonable estimate of the uncertainty in the
potential damage, as the range is suppolg two independent lines of evidence.
Subjectively, it is believed that the usd# these values will result in slightly
conservative (high) estimates of the damage. The data drawn from case studies may be
subject to selection bias (i.e., episodes resulting in extensive damage tend to result in
more news coverage than episodes tiegulin minimal damage). The analytical
estimates may be biased by thotentially high as-builtosts of the Vienna subway.
However, this conservatism is not expectetiéa major factor and is judged to be well
within the bounds of the intervals giveRurthermore, sensitivity studies can be
performed to examine the impact of this possible conservatism.

Table 4.5: Adopted values for alpha and beta for use in Equation 4.4

Parameter Value from [21]] Value in this stugdy
Damage per length of track floodeg) (|7 U(1,20)
Damage Multiplier §§) 1* 1-exp(AQ)

*Implicit: damages were defined at 63 m3/s.
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The basic damage equation is therefore Igrgefunction of two sichastic variables,
alpha and Q. The distributiasf alpha, which has a simple distributional form, was the
subject of Chapter 4. The distribution @f was based upon the hydraulic simulation
model, as discussed previously. This isom standard distribution, thereby suggesting
the use of numerical techniques. The waywhich this equation is implemented
comprises the subject of the next chapter.
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5. Abstraction Methodology and Implementation

The objective of this chapter is to disctiss way in which a model was constructed to

tie together the analyses described in @rap3 and 4. Chapter 3 corresponds to the
"scientific" or "hazard" module discugbein the introduction, and Chapter 4
corresponds to the "engineering" or losgnpatation module. As discussed, each of
those analyses provide a s#tdistributional inputs. Thishapter discusses the final
step, namely, the integrating module. This corresponds to the "insurance coverage"
module discussed previously. Howevere timtegrating moduleneed not focus on
insurance coverage. This approach can alsoske to illustrate the effect of different
mitigation measures on absorbed damages.

This chapter therefore attempts to fulfillréle objectives. The first is to illustrate a
method for dealing with both egpemic and aleatory uncertaintiging a risk curve. The
second goal is to create appriate model abstractionseBause the analysis provided
in Faber and Nachtnebel (2003) and sumpeakiin Chapter 3 wagery detailed, there
was a need to create a "redd form" of the analyses cainied in that report. Running
the type of physical simulation analyses tbe sort carried out in Chapter 3 is
computationally prohibitive when the sitation must considehundreds or thousands
of simulations of different possible valuedn such cases, a reduced form may be
substituted for the more complex model. Hual of the reduced or abstracted model is
to capture the salient elements of the mowenplex results (cf. Morgan and Henrion
(1990) p. 215). The third anfthal goal of this chapter i introduce and define the
different hypothetical structal and non-structural mitigation measures considered in
this case study. Two structural measuystention basins angbrtable flood barriers)
were considered in conjunction with three financial measures (reserve funds, borrowing,
and insurance). The way in which these wadrstracted and parameted will also be
discussed in this chapter. §lvasic approach to develogithe risk curve was adapted
from Ermolieva et al (2001) and is as follows:

1. Identify a planning period of intere®tRI) corresponding thente frame of concern
of the decision maker.

2. Assume that a severe storm of anteaby magnitude occurs within the PPl and
compute the a priori likelihood of thatorm based upon a known rainfall-probability
distribution such as a Gumbel distributioRepeat this process multiple times to
produce a set of rainfall-probability pairs.drder to increase computational efficiency,
only sample from events that are likelyc@muse damage. For example, because damages
are not expected at stormglwrecurrence intervals ofde than one hundred years, only
storms with recurrence periods exceeding Hailsie are considered. It should be noted
that this introduces a conditional probablilingmely, we are sampling from a subset of
all possible storms and must therefore gpble appropriate probability correction to
convert the conditional probabilities computedhe model to absolute probabilities.

3. Transform the rainfall, using an appropgiaainfall-runoff relationship, to discharge

in the Vienna river. Deterime the amount of water enteg the subway system as a
result of this rainfall. This step corresporidshe computation of wer levels in a more
traditional flood risk assessment concerned w#mages to structes in a floodplain,

such as was implemented in Ermolieva e{24l01). The effects oéx-ante structural
mitigation measures, which influence the level of water entering the system, are
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considered at this point. One has now tramsém the set of rainfall-probability pairs to
a set of overflowing water-probability pairs.

4. Determine the direct tangible damagesltiegufrom the overtbwing water. One has

now transformed the set of rainfall-prodapi pairs to a set of direct damage-
probability pairs. Plot the sets of damage/probability pairs on the risk curve described
previously. If parameter values were sardi®m distributiongepresenting epistemic
uncertainty in the precedy calculations, a scatterplot will be generated.

4a. To provide a clear repegation of the relationshipproduce curves rather than
scatterplots by taking sudis corresponding to specifigorobability intervals and
computing the mean or fractiles of thestdbutions. This re@sents a conditional
probability distribution representing the epmte uncertainty in damages given that an
event falling within a specified probabiliyand (e.g., the 100 ye#ilood) occurs. Note
that this distribution may not be a normastdbution, so use of the standard deviation
to determine confidence intexg is suspect unless one hasified that the conditional
distributions are in fact norrhdistributions. This can be done formally or simply and
quickly by plotting the onditional frequency histsgm and ensuring that the
distribution is not skewed averly broad/narrow. The simplestly to generate these is
simply to compute means or fractiles directly from the safnfileat was the approach
chosen here.

5. Estimate the impact of non-structuraltigation measures such as insurance or
reserve funds on the total ped post-disaster costs incurred to manage the flood. This
is done by estimating to what extent the lgss&n be compensated from a reserve fund

or an insurance policy, and if the losses cannot be fully covered, obtain a loan to cover
the costs. The premia paid before the ewapt counted as costas are the interest
payments made on any loans taken out after the event.

These steps are described in more detaivbdletails of the algorithms used are given
in this section.

5.1 Model Abstraction: Flood Hazard Analysis

The hazard analysis was developed from the analysis discussed in Chapter 3 and in
extensive detail in Faber and Nachtnelf2003). It became clear as a result of
discussions and review of the analyses thatuificertainty in the rainfall - particularly

for rare events - was a major driver oé thncertainty in the likelihood catastrophic
floods. It was therefore desiréd evaluate this dectly within the model and separate
problem of system failurmto two components:

1) Determination of the distribution of irdall and runoff in the river, with the
attendant uncertainties, and

2) Determination of the conditional likebbod and magnitude of stgem failure that
occurs at different levels of runoff.

® The careful reader might note that the way in which the estimator is computed and its potential error
may also a function of the distribution. We do not deal with this problem in this analysis.
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The algorithm chosen to do this was introéld previously. A more detailed description
follows.

5.1.1 Rainfall Determination

The first step is to sample from a prob#pidistribution desching the peak six hour
rainfall. This can be done either by sampling the rainfall and then determining the
probability of occurrence from the appropriate probability distribution, or by sampling a
probability and then determining the associated rainfall. For purposes of computational
efficiency, we selected a procedure thatved increased sampling of low probability
events. A variant of importance sampling vei®sen to provide even coverage of the
tails of the distribution bysampling over the negative lagf the probability from a
uniform distribution. The rainfall correspand to the selectegrobability was then
determined. Based on the analyses in Chapter 3, the probability of the selected rainfall
was presumed to follow a Gumbel Type s$tdbution. The GumbeTlype | distribution

is defined by the CDEBiven (Beyer 1968) as

F() = exp(-exp(- ), (5.1a)
The mean and variance of thisstribution are given by

u,=o+0577B

5% = nzgz (5.1b)

Given an exceedence probability p, one can also therefore solve for the rainfall to which
it corresponds.

n=a—BIn(-In(p)) (5.2)

The resulting set of (n,p) pairs defines gebabilistic rainfall-recurrence relationship.
The results for the Gumbel distributiontivia mean value 029.44 and a standard
deviation of 16.75 are illustrated in Figure 5.1.

Cumbel DisHbulon
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Figure 5.1: Rain depth as a function of return period
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5.1.2 Flow Rate Determination

The next step is to determine the flow ratehe Vienna River at Km 4 resulting from

the sampled rainfalls. This problem wasadissed in Chapter 3. Detention basins are
installed upstream, and these function by modifying the downstream flow rate. They do
this by accumulating water while the river is rising, thereby moderating the rise in water
levels downstream, and then releasing theemigvels after the flood peak has passed.
At some point, however, the basimay become full and lose their ability to store water
for later discharge. As discussed by Fabed Nachtnebel (2003), modifications are
being carried out to give operators maantrol over the fillingand emptying of the
basins.

Therefore, the downstream discharge iuaction of both the peak rainfall and the
basin state. This was examined by the usa détailed rainfall-runoff model. Because

the incorporation of the detailed modelcemputationally prohibitive, a reduced form
model is used that determines the discaagVienna River Km 4 corresponding to the
sampled rainfall by the use of the lookup talge®en in Chapter 3 and reproduced here.
These lookup tables simulate the effect @& thtention basins in one of four possible
states: no retention basins, non-upgradetention basins, upgrades to Auhof-
Mauerbach retention basins only (the assumed current condition), and completed
upgrades on all retention basins.

Table 5.1: Rainfall-Runoff Relations at Vienna River Km 4 as a function of Basin

State
Six Hour Rainfall Peak Discharge at Vienna River Km 4 (m3/s)
(mm)
No Basins Non-Upgraded Assumed Current Upgrades

Complete
0 0 0 0 0
28 69 68 66 68
51 177 175 175 174
65 247 243 242 243
84 346 265 320 294
118 561 518 463 424
134 668 607 584 567
160 841 751 737 726
200 1106 971 971 971
300 1770 1522 1522 1522

The resulting deterministic discharge exceedeturves are shown in Figure 5.2 based
upon the rainfall return ped plot shown above.

We note that this approach implies tha¢rthis no uncertainty associated with the
response of the detention basi The computed uncertainty the discharge is simply

the transformation of the uncertainty in ttenfall. A more complete analysis might
include the effect of the uncertainty irethainfall-runoff modeldeveloped by running

the rainfall-runoff model with the rainfall as a constant value and the other parameters

56



allowed to vary stochastically. However, besawe believe that the uncertainties in the
rainfall are likely to dominate the uncertaes introduced by the detention basins, and
because the model is intended to be dumstilative model, we simply include the
deterministic lookup tables.
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Figure 5.2: Rainfall-Runoff Relations at Vienna River Km 4 as a function of
Basin State

5.1.3 Overflow Determination

The final step is to determine the amount of water flowing into the subway. Based upon
examination of the results in Faber 2003 an€hapter 3, it was hypothesized that the
flow rate of overflowing watecould be could beoughly estimated from the flow rate

in the main channel. This hypothesis svgenerated by thebservation that the
likelihood of failure of the sysin appeared to be correlateth the probability that the

flow exceeded some criticaMel. Furthermore, it was assumed that flow in the U4 can
be represented by the difference between thiealrlevel of flow and the flow in the
channel. The observation that the failprebability seemed to track flow exceedence
probability suggests that the probability faflure increases dramatically once some
“critical" flow is exceededThis hypothesis appearslidabased upon examination of

the system and upon inspection of the resnltsaber and Nachtnebel (2003). A failure
that results in the release of water to the U4 occurs when the discharge in the Vienna
River exceeds some threshold amount rasykither in overtoppig of the floodwall or
collapse of the floodwall due either to foutida scouring or hydrostatic pressure. It is
clear that an ovespping failure is largelya function of the flow ri@ in the chnnel, and

the uncertainties are largely those associat#d the channel geometry, wall height,
and roughness coefficients. Because thiscisaamnelized river with a well-characterized
geometry, it is not thought that these cdnite substantially to the uncertainty in the
water flow rate at which ovtopping is expected. Similarly, erosive failure and wall
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collapse is largely a function of the comgditshear at the channel bed and the shear
strength of the invert. There is likely to b®re uncertainty in these parameters. It was
determined that a failure leading to overfing of the U4 occurs at a discharge of
approximately 530 m3/s. Because of the ungares in the resistare parameters of the
floodwall, however, this is not a fixed e but is represented by a probability
distribution. In this simulation the ‘itical” discharge is modeled as a normal
distribution with mean 530 anstandard deviation of 10 fs? This implies that the
failure of the basin could occur with a fipercent probability at a flow rate of 510 m3/s
and would be almost certain (95% likelg occur once flows in the main channel
exceeded 550 m?/s.

(5.3)

Qu4 = QCRITICAL - QVRK4;

Figure 5.3 illustrates the relationship betwés estimated peak discharge and the flow
into the subway terrace with a Q_CRITSH0 m3/s. Also shown is an indication of the
total volume of water discharged intoetherrace. Although the hydrograph was not
computed, this plot was produced by apqmating the peak of the hydrograph as a
triangle and assuming that the durationtted flooding over the ciital discharge is
proportional to the difference between the peigkharge and the critical discharge. For
this curve, it was assumed that a peak digghaf 730 m3/s would sailt in a period of
three hours above the critiadischarge of 530 m3/s.
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Figure 5.3: Estimation of Overflowing Water. Upper: Approximate peak
overflow rate. Lower: Approximate total overflowing volume

It is important to note thdhis distribution is a rough apptimation used to abstract the
reliability assessment provided by Faber and Nachtnebel (2003). If this analysis were to
be extended, it would be desirable to cotdaicmore detailed examination of this
conditional failure probability distributiortHowever, for purposes of illustration, we

will proceed with this rough approximatioRrovided that the "critical level of flow"
hypothesis is valid, the odel could be easily updated simply by changing the
parameters of the distributionrfthe critical level of flow value. It is believed that the
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second approximation, that of computing thecharge in the sulay as the difference
between the runoff and the critical level of flow, is a reasonable assumption for flows
below that necessary for the tealevel in the teace to equal that of the main channel.

At higher flows, this wouldoe an overestimate, as a foam of the flow would be
carried in the main channel. For collapse failures, this could be a significant
underestimation. Once the collapse occyrr@dsignificant amount of channel flow
might be diverted into the subway terraklwever, because of the way in which the
damage function to the subway is defineg@sthare not critical. Walso note that this
approach captures the charactgcithat the protective systama hard-fail rather than a
soft-fail system. In other words, the systefidetention basins and masonry floodwalls
provides a very high level of protection up until a certaiarrflow rate. However, once

that system fails, the level of damage can be expected to rise rapidly. This is in contrast
to a soft fail system such as flood-haragniwhich would increasthe ability of the
system to withstand inundatiain

5.2 Damage Assessment

As discussed previously, we consider the damage to be a functiom lehgth of track

that is flooded. Model abstraction is not negdor this portion of the analysis, as the
damage estimation technique was sufficiently simple that it is not computationally
expensive, and it was developed with ierpkentation in the catiisphe model in mind.
Estimation of the physical damage requires parameters: the length of track that is
flooded, and the damage per length flooded.

5.2.1 Length flooded

It is assumed that the subway consists af $&ctions. One section is not protected by a
floodgate and is inundated a@very case if there isflood (although the damages may
be equal to zero; see below for the definitadrthe damage multiplier). This section is
approximately 7.5 km long from the locatiamere the U4 crosses the Vienna river at
km 10.6° to the portable flood barriers stalled at the Gi3e Einwolbung at
approximately km 3.1. It is conservativelgsumed that the inurtdan can occur at any
point along the section. Thassumption is conservative #ge most likely point for
flooding to occur is just before the pdita flood barrier is installed. A better
distribution would thesfore be positively skewed, maky shorter track lengths flooded
more likely than longer traclengths flooded. A more thled model might consider
the conditional probability of flooding and explicitly madailure probabities at each
location, generating a conditional probability distribution of the length flooded. Such an
analysis was not performed, howevendathe length flooded in this section was
therefore modeled as a unifomandom variable U(0,7.5) to determine the length of
unprotected track flooded.

° This is not intended as a critique of the well-geeid flood protection system place. Implementation

of flood-hardening for the Vienna metro may be overly expensive, infeasible, or even impossble. Th
point is to illustrate the financial characteristics of different mitigation alternatives and their
combinations.

0 The point of a likely first inundation was reported (Neukirchen 1994) to be located at
Braunscheiggasse at km 8.6. This would y&liistance of 5.5 km fdhe unprotected reach.

59



The other section is protected by a floodgHtthe floodgate works, none of the section
is flooded. If the floodgate fails, all of thgection is flooded. However, the length of
track that is protected by the floodgate is piacisely known, as ¢hentire system was
not modeled. Because of the lack of detadedlyses, this was treated as an epistemic
uncertainty and was modeled as a rand@mnable with anupper and lower bound.
Potential upper and lower bounds on the lengthgsk were estimated. We take, as a
minimum, that the U4 woulbe flooded until the outlet intthe Donaukanal, for a total
inundated stretch of 3.1 km. Because watéeramy the Karlsplatz station could provide
a point of entry of water intthe Ul line, we assume thiie U1l would be flooded, at a
minimum, between Sudtirolerdz and Reumannplatz, for aabdistance of 2.9 km. To
set an upper bound, we presume that the maxi stretch of théJ1 that could be
flooded would be between Reumannpland Vorgartenstrale, for a maximum
inundation potential of 6.5 km for the Ul. Waentering either the Wien Mitte station
via the U4 or the Stephansplatz stationthi@ U1 could result in inundation of the U3.
We take, at a minimum, flooding of the W&tween Burgasse and Schlachthausgasse
for a total of 4.4. km flooded. To set apper bound, we presume that the U3 could be
inundated as far as Simmering, for a totalndation length of 7.7 km. This results in
the following upper and lower bounds:

Protected Stretch (lower bound): 3.1 kmv2.9 km U1 + 4.4 km U3 = 10.4 km
Protected Stretch (upper bound): 3.1 km4J&.5 km Ul + 7.7 km U3 = 17.3 km

We therefore model the length floodedtle sum of a U(0,7.5) and a U(10.4,17.3)
distribution.

LengthFlooded = { U (07.5), FloodgateFailureType = 0}

U (075 +U (104173) FloodgateFailureType=1

5.2.2 Damage per Length Flooded

As discussed in Chapter 4, it is assumed that the damage per length flooded (alpha) is
presumed to be a uniform variable rangifrom 1 to 20 M€ per km flooded. As
previously noted, there was insufficient dedeestablish an empirically or theoretically
grounded relationship betweeverflowing water and damagelowever, it was clear
that at low flows (which welefine as 5-10 m3/s) the damageuld be slight, but that
damages would rise quickly #ise pumping and drainagepegity of the subway was
overloaded and would quickly reach the mmaxim potential damage. As discussed in
Chapter 4, an exponential form was cho®nmathematical convenience to represent
the relationship betweenverflowing water and percent damage. In order to reflect the
sharp rise of damages with overflowing tera an exponential function discussed in
Chapter 4 was chosen. The value of lambdsa etsen to give a 50% damage at a flow
of 20 m3/s.

_In(2)

r= S
20m

= 035 (5.4)

Figure 5.4 illustrates the synthetic conalital damage curves and shows how these
compare to the ranges of damage reporteddtastrophic flooding on similar systems.
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Figure 5.4: Comparison of the synthetic conditional damage distribution for
Vienna with case study reports

For distributional sensitivity analyses, ateahative variant expled was to use normal
distributions rather than unifim distributions to estimate éhdamages. In this variant,

the variable representing the length of pretected areas of track was modeled as a
normal distribution with mean 13.85 and stard deviation of 3.45. The distribution
was truncated at zero to ensure that ngatiee values were obtained. Likewise, the
damage function was modeled as a normiatribution with mean 10 and standard
deviation 5, and was agairutrcated at zero to ensure no negative damages. The results

are shown in Figure 5.5.
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Figure 5.5: Effect of Distributional Forms. A) Uniform B) Normal

The loss of revenues associated with foregamnes was also considered. In order to
obtain a rough, order of magnitude estimatehig effect, we assne that the service
interruption is also a funan of the length of track floode Based upon the experience
of past inundations, we taltkis value as five days p&m track flooded. In 2001, the
total subway ridership was approximigt 400 million passengers (Wiener Linien,
2002). Dividing this number by 365 days pefar and assuming that the U4 carries
approximately 20% of the paenger load, we obtain a garidership on the U4 of
approximately 200,000 rides. At a ride co§t2€ per ride, we can derive a total fare
loss of approximately 2 M€ per km flooddBecause this is only a small part of the
maximum total potential damage, we presuna this is already subsumed within the
damage estimates. A more detailed analysghtriie able to explorhis in more detalil

by examining the effect on revenues oarpled outages while tracks are closed for
normal maintenance. The exercise discussed here was simply a quick examination of
the potential relative contribution to lossef lost fares and repair costs.
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5.3 Financial Parameters

In this section, we will introduce andsduss the implementation of a number of
different potential financial mitigation maags. Direct damages are the input to the
financial module. Two ex-ante financingeasures, insurance and a reserve fund, are
considered. One ex-post financing measurborrowing, is considered. Budgetary
diversion would be simple tmclude, but was not implemtad in this version of the
model. The methods for computing financial parameters follows Ermolieva (2001) and
Mechler and Pflug (2002), and the nomamate of the modeparameters follows
Mechler and Pflug (2002). We note that infdatary risks are not computed explicitly.
All amounts are computed in real terms. Tihisoduces a bias. Iparticular, insurance

Is not adjusted for potential changes in itdla, whereas inflationary risks associated
with investment assets are included imglclily the use of a real rather than nominal
rate of return. If the insurance contracdenominated in a stable currency, such as a
dollar, euro, or swiss franc, this may not denajor issue. However, if the insurance
contract is denominated in a potentially tatde currency, and adequate contractual
safeguards are not maintained, then there doelldonsiderable inflationary risks in the
value of the insurance contract.

5.3.1 Determine the timing of the first severe event

An important parameter in examining the impaictifferent financiakmeasures such as
insurance or reserve funds igtarrival time of the first evénas this will determine to
what extent a reserve fund has accumuléeds or for how long have premia been
paid. The arrival time of the first occurrenceanf event that cancour in any year with
constant probability p is given laygeometric distbiution (Beyer 1968).

P(t=1)=f(c)= pl-p)*" (5.5)

It can be shown, by expanding the terimsa binomial expansion, that this
approaches a uniform distribution with

_ _ -1
Plt=t|t<T)=f(c)= PP((:% _ 1?(11_"’;)” ~ Tl_l (5.6)

as pT << 1. The arrival time is theoe¢ modeled as a uniform distribution.

5.3.2 Insurance

Insurance can be simulated as eitheopprtional insurance oms excess of loss
insurance, or both. However, the modelcigrently limited in that it is currently
possible to define only one layer. The fellag parameters are used to characterize
insurance:

e The attachment point, dideductible", of the insance. 100% of all losses
below the attachment point are borne by the policyholder.

e The proportion of losses within the sured layer that is borne by the
policyholder. Setting this value to 1 cassmsurance to be inactive (i.e., if the
policyholder bears 100 percent of the I@sgben the insurer pays no claims.
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The claims are computed as a proportion to the total loss exceeding the attachment
point. However, in order tdefine the upper limit of the yar, the claim payments are
capped by an exit point.

e The exit point, or "cap"pf the insurance. This is the maximum claim payment
by the insurer.

Claims are therefore computed by the following relation:
Claim=min(Exit Point,(1- Proportion)*md&0, Damage-Attachment Point));

The resulting relationship between claim payments, retained losses, and damages is
illustrated by an example figure showing the effect of an attachment point of 10M€ in
direct damages, a 20% co-insurance propordad,an exit point of 100M€ in claims as
shown in Figure 5.6.
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Figure 5.6: Structure of Insurance

There are two possibilities for determiningkripremia. One would be to define the
premiums to be equal to the expected claim&ssence, this assumes that insurance is
"costless". In reality, the costs of imance are non-zero, due to the need for
administrative costs, profits, and risk prenAa assumption of @tless insurance may
be reasonable for a risk-neutpalblic insurance program thaturs only administrative
costs. For private insurance, the costs &e\lito be higher due to the need for profit
and the charging of a risk premium. Irebhler and Plug (2002), the functional form of
the premium loading factor is simply PLE=0.03Tr. We compute premium payments
in a fashion similar to Mechler and Pflug tlyarging a risk premium is charged for low
probability events. However, the functional foitentified above raises the questions of
which return period to use to compute the premium loading factor, namely, the return
period of the underlying event or the retyrariod of the loss. The use of the return
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period of the event is equivalent to the hjgbbnservative assumpti that variability in

the insurers losses are dominated by the wviditialm this particular policy. The return
period of the insurer's lossespibably the appropriate parameter to use. However, this
requires data on the full portfolio of the imsu A well structured insurance portfolio
would not allow itself to be exposed to sua extent, and the risks of the flood would
be spread among risks associated with dtieer policies issued by the insurer. We
therefore charge the risk premium a constasér-defined premium loading factor. We
note that for a company underwriting witlyisiicant catastrophic risks, the integration
of the different catastrophes into an integd catastrophe modelay be an efficient
way to determine an appropriate premiuradimg factor. However, such an analysis
must be a part of future work. The exmettlaim payments are simply the probability
weighted claim payments. The use of a pekmium adds the Premium Loading factor,
such that the annual premia are simply talkcehe the expectedasms adjusted by the
PLF. The accumulated insurance reserveniplsi the accumulated premiums minus the
claim payment at the time ahe catastrophe. If collected premiums are sufficient to
cover the claims, the insurance reserve is positive and the premiums have been
"overpaid". If the collected premiums amsufficient to cover the claims, then the
insurance reserve is negataed the claims are "underpaidhe losses retained by the
policyholder are simply the damages minus the claims.

Retained Loss=max(0,Damages - Claims);

5.3.3 Reserve Fund

We presume that the reserve fund is investedrelatively safeecurity, such as bonds.
The reserve fund comprises two componeltsone-time initialinvestment, and a
constant annual payment.

Accumulated Funds=Initidkeserve Fund*((1+Yield)
+AnnualPayment*(((1+Yield)-1)/Yield;

The growth of the reserveund with a 10M€initial contribution, a 1M€ annual
contribution, and a 5% rate ofte@rest is shown in Figure 5.7.

—— Accumulaked Rezerue Fund Balance

— - Accumulaked Conlrlbullons
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Figure 5.7: Accumulation of Reserve Funds
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The difference between the contribution and Halance represents the benefit of the
reserve fund. It can be se#imat benefit is quite sriafor short time horizons (<10
years, but increaseagynificantly thereaftedue to compounding.

A significant methodological quesns is the "cost" of # reserve fund, a question
related to the "cost" of capital. This is a difficult question, discussed at length in
Kielholz (2000). Typically, thisis evaluated by measurintpe opportunity cost of
investing in a safe investmewva a more profitable but mo®latile investment, such as
equities. The equity premiummight therefore be used to determine the "cost" of the
capital. However, this can be misleading. iiga are typically considered to be more
volatile, and thus carry a higher downside ris&n bonds (whether this is true or not
when measured in real terms, dependipgpn the holding period, is not clear). A
probabilistic assessment might shthat there is a significaptrobability that the equity
premium is in fact negative, as would the case if equities under performed bonds (as
occurred several times over the past century this case, there may actually be a
"negative" cost associategith holding the funds in aeserve fund. Essentially, one
might inadvertently profit from a forcedivestment in less volatile investment. One
need only consider the finaat history of the last seral years to provide an
illustration of such a phenomenon.

Because we have chosen to integratearfcial uncertainties with structural
uncertainties, we have modeled the yieldtlué reserve fund as a random variable.
Information on the potential uncertainties ioestment yieldcan be obtained from
Dimson and co workers (2002), who presdata on the performance of bonds and
equities over a century from many differentrkes. Because the uncertainties in yields
are expected to be a furanti of how long thenvestments are held, we illustrate the
concept of equity premium in the figure b&lshowing the real (inflation adjusted) rate
of returns to bonds and equities in twarkets withrelatively good reords over the
past century (Switzerland and the US), deeeloped economy thatiffered two period

of devastating inflation (Germany), all as the world aggregate values.
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Figure 5.8: Real Returns to Equities and Bonds: Average Return as a function of
Holding Period (adapted from Dimson et al. 2002)

It is clear that on averag equities outperform bonds. Swiequities have provided a
fairly stable 5% real rate of return whémld for periods of ten years or more, in
comparison with typical bond returns of less than 3%. The traditional argument for
holding a reserve fund in bonds rather thanitegg is that bonds arless volatile than
equities and carry less downsidek. In other words, it is expected that money invested
in bonds is safer and more likely to beadable when needethan would the same
amount invested in bonds. We can explitvie hypothesis by examining the volatility
these same instruments, which we define asthndard deviation of the rates of return.
The results are shown below.
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Figure 5.9: Real Returns to Equities and Bonds: Standard Deviation of Return as
a function of Holding Period (adapted from Dimson et al. 2002)
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The impression that bonds are much safer than equities does not appear to be valid
when inflation is taken into account by exam@ the volatility of real rather than
nominal rates of return. We can see thageneral, bonds are only slightly less volatile

than equities when inflation is taken ind@count. This is becaugsbke variability in
inflation becomes a controlling factor whére other uncertainties are made low. We
note that if countries expencing significant disruptions (e.g., Germany) are included,
bonds can even have negative average yields with high volatility.

We wish to acknowledge thatette is much work that hagén done in this field, and
that this is only a very simple approatkowever, it does illustrate that the tradeoff
between yield and volatility in ghchoice of an investment interest is not simple. In this
paper, we have taken an approach thghhemsizes this point by investing the reserve
fund in a "conservative" equity, thereby gmasizing that the opportunity costs of a
fund are sensitively dependent upon the choice of a baseline used for determining the
value of the foregone alternativieurthermore, if it is assoed that the performance of a
reserve fund is not affected by the occuceenf a flood, one may decide that the low
base probability of a flood offsets the pdiehfor low returns. The value of the
catastrophe model is precisely is that it allaush tradeoffs to bmade explicitly and
examined.

We have therefore chosen to have our hypital reserve fund invested in a “safe”
equity. We take this equity as having a nedé of return characterized by an average
yield of 5% and a standardeviation given by the regr@en relation illustrated in

Figure 5.9, namelyg = 7~ %%,

The comparison between the synthetic yidldd we have generated and the observed
performance of Swiss equities shown below. Both becausiee uncertainty in yields
can be quite large for short kalg periods (less than 10 yeH)swe show both linear
and log scales.

1 This relation would not be expected to hold true for very short periods, as the range of potemtial retu
starting at any given year would be constrained and would not be as dramatic as shown here. The
inaccuracy induced by the use of this relationship is substantially mitigated by the low level of
compounding over shorter periods in relation to longer periods. However, a more rigorous treatment of
the uncertainty in yields would be necessars if this study were to be applied to short anipithg
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Figure 5.10: Comparison of Real Returns to Synthetic Equities to Historical Real
Returns to Swiss Equities (adapted from Dimson et al. 2002)

5.3.4 Borrowing

We implement post-disaster borrowing with eéxtremely simple model. The cost of a
loan is simply the difference between #maount borrowed and the amount repaid, and
is a standard computation shown below. Wl the period to be a fixed thirty years
and assume that the average lodarest rate of 4% (reabnd allow the interest rate to
be an uncertain random variable thah range between 2%-6% real aicacnfidence
level. We note that these are unfavorable sembeit not unreasonably so. An agent of
the Austrian government, given the goodedit standing and alternate financial
resources, would probably not be requiregppag such rates nor would have to amortize
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the loan over such a long period. These valreschosen somewhat arbitrarily but are
intended to emphasize the fact that being is also a mitigation measure with
substantial costs, and that the decision not to mitigate may be an implicit decision to
assume a loan at whatever terms f@ybtainable if a disaster occurs.
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6. Results

In this chapter, we shall examine the consequences of implementing a number of
different mitigation measures using the simpleegrated model we have constructed.
These mitigation measures are built up from combinations of the remedial alternatives.
The goal of this section is to examinee timpact of selectedlecisions regarding
mitigation of flood risks to the subway. There are, in principle, a number of possible
alternatives. Two of the struotl alternatives that are ing implemented, as discussed
previously, are upgrades to the detentimsins and installain of a portable flood
barrier at the entrances taethnderground portions of the U4.

6.1 Structural Measures

A no action alternative was considered to establish a base case. The no action
alternative considers essely the pre-1990 condition. It was presumed that the
detention basins are in place, but no meas are taken to allow operability. The
floodbasins fill and empty passively. The mas/ floodwall is also assumed to be in
place. It is assumed that if damages octhe, losses will be covered by a loan. As
discussed in the previous chaptée loan is assumed to &¢hirty-year loarwith a real
interest rate between 2-6%. It is assumed timlimited credit is available. Alternative 1
is the installation of a portable flood barrit the openings to the covered sections of
the metro (see figure below). The effectlinése flood barriers is to limit inundation of
downstream reaches. Because these systems expéeted to have a reliability of less
than 100%, it is assumed that these systhave a failure-on-demand rate of 25%. In
other words, these systems are assuméddiltonly once in everyour event requiring
their installation. Becae there is no empirical or theoretical basis for this assumption,
the effect of the reliability of these floddarriers on the ressltwill be examined.
Furthermore, it is assumed that the aflation of these systns costs E100,000 and
costs E10,000 per year to maintain. Thisiiaply an estimate dahe costs associated
with two person-months of dgn services and two-persamonths of construction and
testing costs, combined with a matesiadost of E50,000. Annual operating costs.
(inspection, testing, and occasional repaie) assumed to be 10% ioistallation costs.
These costs can be specified by the uaéernative 2 compsges upgrading of the
basins to allow controlled filhg and release of floodwaterBhe system is discussed in
more detail in Faber (2003). This systeroupled with a real-time flood forecasting
system, is currently being installed to iease the level of protéan against extremely
rare floods. The costs for thadternative are based on iNerchen (1994), who reported
an estimate of E8 million and operating costt tire expected to be 1% of installation
costs. To emphasize the facattihis is an illustrative exnple, we have rounded this
value up to E10 million. The combined sceoaepresents the combination of portable
flood barriers and detention $ia upgrades. Theesults of thesecgnarios are shown
below.

71



(-
o r T T T T T

Bare Case

[ED +.5M&, ETG 2.5 Ma) ]
Relenlon Basin Upgrades O nly
(ED Z.OoM&, ETG 12.3ME) b
Fleodgale o nly (T5% Rellabie) |
(ED Z.AM&, ETC +.1 M&)
Ccombined Sirociural M eazume =
1o [ED 1Z M, ETC 15E M&)

o * 1|:I||:| 2|:I||:| 3|:|||:| +I:III:I 5|:I||:| 5m
Total Costs attime of Catastrophe ME)

Figure 6.1: Examination of Structural Alternatives

For the base case no-action alternative, itbmageen that over dtfi year period, there

is approximately a 3% chance that damagesdcbe incurred. However, because of the
uncertainty in the rainfall, the range inraal probabilities in which damages might be
incurred would range betwe&n3% (at a 10%anfidence level) and 15% (with a 90%
confidence level). The expected damageerothis period is approximately 5ME.
Because of loan servicing costs, the expeédotal costs are higher and amount to 8.6
ME. However, examination of the curve dluates the problem afsing an expected
damage in this case. The distribution d#fmages is not a single mode distribution.
Instead, it essentially represents a comimnaof a large (~97%) chance of no damage
and a small chance of a very large damage. The expected value does not represent a
central tendency of this distribution. The risk curve illustrates this by demonstrating that
while the chance of damages above zem@pjzroximately 3% (on average), the chance
that damages are greater than 100 ME is approximately 1%.

We once again note that this is not a realistic scenario for the city of Vienna. The
structural mitigation measures are being installed. More significantly, a variety of other
measures would likely be aNable to cover the repair costs. These could include
diversion and contributionsdm the city or federal government. If a loan was required,

it is not expected that the interest rat®uld be as high as that assumed here
(particularly if it was covert by a bond issue) or that tierm would have to be so
long. However, these financial parametaray be more reasonable for a city in the
developing world with fewer fiancial resources, a poorer credit rating, and no plans for
structural mitigation measures. It is importéamtkeep in mind that, as discussed in the
introduction, this is an illstrative study. It is not intendeto provide concrete policy
recommendations for the ciof Vienna without consideréd improvements in the data
and extensive consultationttvdecision makers to dele@ realistic alternatives.

Examination of Alternative 1 reveals thatlatese to the base case, the floodgate does
not alter the probability at which damages wthrt to occur. The probability of damage
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exceeding zero is about 3%, unchanged ftbenbase case. Whdbes change are the
damages at lower probabilities. The probabilitgt the damages are limited to less than
50 ME are lowered to approximately 0.5&hd the chance of damages exceeding 100
ME are considerably less than 0.1%. The expected damage from this case is
approximately 2 ME, with expected total osif 4.1 ME. The plot clearly shows that
the primary role of the floodgate is to lintather than prevent damage. Using the
expanded concept of risk, wean say that the floodgaterimarily addresses the
consequences of an event rattiem the probability. If risks defined simply as system
failure without distinctionbetween large failure and small failure, the floodgates are
ineffective. However, it is clear from thegplthat the floodgates do have a major impact
in limiting the damages and may be abldérot damages to an "affordable” level.

Examination of Alternative 2 shows that, imended, the upgraded detention basins
lower the probability at which damages wilagtto occur. The expected probability of
damage exceeding 0 drops from 3% to slightly over 1.5%. However, once damage
occurs, it is catastrophic. This is besaua storm large enough to overwhelm the
detention capacity ahe basins would cause major dgmdo an unprotected subway
system. Furthermore, construction and operatasts must be added to the catastrophic
costs to yield the total cosf dealing with flooding. Thigneans that there is a 100%
chance that total costs exce®d ME, and there is a 1% chance that total costs will
exceed 100 ME. The expected damages are reduced from 5 to 3 ME, but the expected
total costs increase from 8.6 to 18 ME. Thet@learly shows that the primary role of

the detention basins is to prevent rather than limit damage. From a risk-analytic
perspective, we can identify this as a meashat affects primarily the probability of an
event. If risk is defined simply as avaidi adverse consequences at all costs, this
alternative would not be considered acceptabtvever, it is clear from the graph that

the basins do have a significant effect the likelihood of incurring damages. If a
decision-maker is unconcerned with pot@intdamages below a certain level of
likelihood, this type of altmative may be appropriate.

Finally, the combined alternative capturesnsoof the desirable elements of the single
approach, albeit at the cast including some of the drawbacks as well. Damages are
limited by the floodgate and their likelihood isduced by the detention basins. In
addition, the uncertainty swunding the losses @ecreased. The expected damages are
reduced to 1.2 ME, with a very low prdhlity that the damages will exceed 100 ME.
The expected total costs are approximately 16 ME

6.2 Financial Measures

The first financial measure to be considei®thsurance. The structure of a potential
insurance policy was discussed in a pyas chapter. Weset up a hypothetical
insurance policy here. The insurance policy afales are all decisiovariables, so there

is no basis for selecting any particulset of combinations without knowing the
decision-makers preference. In this case, we choose to have a €10 million deductible, a
10% coinsurance rate, a €500 million claims, @aml a premium loading factor of 100%
(meaning that premiums are collected whare expected to baouble the expected

value of the claims, reflecting the risks boimethe insurer in offering a policy against

such a catastrophic event). For purposesomparison, a 1000% premium loading
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factor is also shown (reflecting a premiunt &@ be equal to ten times the expected
claims payment, illustrativef a highly risk-averse quoorly diversified insurer).

The second financial mechanism is that of a reserve fund. The structure is discussed
previously. Again, many of ehpolicy variables are decisioariables, so there is no
basis for selecting any pauiar set of combinationwithout knowing the decision-
makers preference. In this case, we havearhasset of variabled® mimic the costs of
the more expensive structural measbye assuming a one time investment of €10
million and an annual contribution of EOmillion. We presume that these funds are
invested in a "safe" equity, which we bencrknas similar to the performance of Swiss
equities. We note that the irstenent of the reserve fund in equities rather than bonds
technically eliminates the cost of thaption. The real costs would be the costs
associated with lack of liquidity, whichre beyond the scope of this analysis. The
combined financial alternative represeatstrategy mixing an insurance policy with a
10 M€ deductible, a 500 M€ cap, and a 2@®%nsurance rate with a reserve fund
comprising a one-time initial contribution &f million and an annual contribution of
€10,000. The computed annual premiums similar to those of the pure case at
€150,000 (slightly lower due to the higher =aimance rate), and the expected total
costs are -2 ME, representing thassibility that a profit i€xpected on the basis of no
flood occurring and the profit bey taken from the interestccumulated over fifty years

on the reserve fund.

The results of these simulations are showRigure 6.2. In the insurance only scenario,
the expected damage is unchanged (as eaghefiom the base case, and premiums of
170K per year are computed using thigmpium loading factor. The expected total
costs, including premium payment up unte ttime of the catastrophe, are 8 ME. With
the higher (and probably more likely) premm loading factor of 1000%, the premiums
are close to a million euro per year and the expected total costs are therefore quite high,
at 34 ME. However, it can be seen thaumance has an effect remarkably similar
(from a purely financial perspgve) to that of the floodga. Upon reflection, the reason

for this is clear. Insurance is intended toilinather than prevent $ses. It can do this
quite effectively. Examination of the uncertgifands also showselrole of insurance

as an uncertainty-reducingechanism. In comparison withe floodgate, the insurance
policy reduces the uncertainty quite effectiv@by passing it on tahe insurer in the
form of a contract). However, this case dllgstrates the drawback to insurance, which

is that it can be an expensive optionthe event doesn't happen, and the costs are
sensitively dependent upon the premium logdactor. Another sigficant factor, that

is not illustrated by this plot, is the rigkat the insurer may withdraw coverage. If a
structural measure is put in place, the siec maker retains more control over the
mitigation option. If an insurer withdraws coverage or goes bankrupt, then the policy
holder is placed back in the position fromigrhthey started with no benefit from the
policy and no future protection.
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Figure 6.2: Financial Measures

The reserve fund reveals a somewhat stgrtfeature in comparison to the other
alternatives. It is cleathat it does nothing to redudamages (in common with all
financial measures). What it does do is shift the loss curve to the extent that damages
can be compensated from accumulated funds. The fund also mitigates the effect of loan
costs to the extent that funds takeonir the reserve fund do not accrue interest
penalties. This lowers the probability obsts exceeding zero to something slightly
greater than 1.5%. Howeverpsts can still beuite high, with a0.8% likelihood of

costs exceeding 100 ME. On the other hand, there is a major chance that the flood will
not happen and that the interest the reserve fund can evedity be either taken as a
profit or invested in other loss-reduction medkars. For this case study, this effect is
dominant because there issignificant chance of no disastoccurring at all over the

time period of interest. In this case, the indeémarned on the ingted funds represents

a profit. This illustrates the importance of the concept of risk as including potentially
positive outcomes as well as negative outcomes. Even if an event occurs, the
accumulated funds may be able to cover tosts if the event not exceptionally
severe. It can be seen that the probabiftyncovered losses exceeding zero also drop,
because there is a significant probability thet accumulated fundsill be adequate to

cover the losses. A somewhat hidden, bghigicant feature is that the loss-reduction
properties of a reserve fund are amplifiedtbg avoidance of high interest costs. By
lowering the principal outstamty on a potential loan, theserve fund is able to avert

loan costs. However, the catastrophic lassting functions of this mechanism are very
limited. For an organization facing potentiatlyinous losses, theserve fund does not
eliminate their exposure ing¢hway that an insurance pglicight. Another significant
contrast with insurance is that a resefwed not only does not deice uncertainties, it

can even increase them (albeit often in atp@sdirection). Finally, a drawback that is

not illustrated by this plot is the time gendency of the protection offered, and the
political risk that the fund W be diverted to other usesther than being allowed to
accrue interest. Because a ldimge period of interest wasosen, there is a significant
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chance of accruing large balances in theruestind. If a short time period was chosen
(say 10 years), the resultsght look quite different.

A clear feature of the combined financialternative is that it combines the low
uncertainty of the insurance policy with thefiirgenerating possibilities of the reserve
fund, a point illustrated by the graph. Thenb#t of a highly loadd insurance policy,
on the other hand, would not be so higthaugh the reserve fund might be designed to
offset some of the losses associated wrgmium payments. Of course, this combined
alternative is subje¢b the same non-quantified risksdissed for the single solutions.
An attractive element of this combinatidmwever, is the possiltji of an immediate
risk reduction by the purchase of an inswwe policy that takes effect upon purchase.
The accumulated funds in the reserve fund cdp teeoffset the risk that the insurer
will choose to withdraw coverage at somernpan the future, as sufficient funds may
have accumulated by that pointdover any possible catastrophe.

6.3 Mixed Measures

A final set of three scenarios combined stuat measures with both financial measures
singly and in full combination. This comped a scenario combining structural
measures with insurance, and a scenaombining structuralmeasures and both
financial measures. For this alternative, emnbine the structural measures with an
insurance policy as defined abovethwa 100% premium loading factor.

For the scenario of structural+insurance domputed premia are only 30K (provided,
of course, that an insurer would be willing to offer insurance at that rate). The
installation of the floodgatand the upgrading of the detiem basins has lowered the
expected claims, allowing lowered insurapcemiums. Expectedamages are 1.1 M€
per year, with expected totabsts of 16 M€. An importardgspect of this alternative
over the purely structural combined al@ime is that the uncertainty has been
significantly reduced. Expected total costs similar, possibly reficting the sangs in
loan servicing costs of exceptionally largans offsetting the cost of insurance. The
real interest lies in the fullpombined scenario. The eeqied damages are now 1.1 M€,
leading to annual premia of 30K€. Thepected total costs are 3.5 M€, down from
approximately 8.6 M€ in the base case. Rumétotal cost are limited to well under 50
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M€, and even considering uncertainty, areexqiected to risebmve 100 M€ regardless
of the size of the flood. We can see that Hpproach blends atif the approaches to
yield a solution in which the advantages each solution offset many of the
disadvantages of the single solutions.eTinclusion of insurance offsets the
uncertainties associated th#her options. The inclusion ef modest reserve fund helps
to avoid the potential for lost funds assoethtvith construction of a structural measure
that may never be called uponftmction. The detention ban upgrades and installation
of the flood barrier reduce expected claitosthe point that insurance premia are
modest. Inclusion of a sensitivity analysis shows that even if the premium loading factor
is increased to 1000¥premiums = 10x expected claimff)e premia are still only 160
KE and the total costs are approximately shene as the no actiortexhative, with the
potential losses still drastically reduced.
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7. Discussion and Conclusions

Our primary conclusion is that the implemeiua of a concept of sk that integrates
the different technical perspectives on rigko a unified framework is feasible and
yields valuable insights into the naturettoé protection provided by different mitigation
alternatives. This implementation of arteigrated concept of risk is achieved by
identifying a clear assessment variablealt@x-ante and ex-post costs of mitigating
flood damage) and expressing the probability distrdoutof this variable under
different mitigation scenariagsing a stochastic complentary cumulative distribution
function, or "risk curve". This approagbrovides considerable additional relevant
information to a decision maker. It alséoals structuring of the problem in such a way
as to provide a clearer indication of thdvantages and disadwages of different
mitigation options. This has been demoaisitl by examining a current problem faced
by decision makers and using, to the maximextent possible, accurate and relevant
data. We further note that the resultghtight the fact thathe advantages and
disadvantages of a particular proposed rattan option are complex and cannot always
be reduced to a single-valued metric suckxgected benefit or system reliability, as is
typical of an actuarial appach and a probabilistic approach, respectively. However,
technical approaches need not rely on a single valued metric. The portrayal of losses in
terms of a stochastic risk curve, rather tiraterms of a single-valued metric, provides
considerable additional information Wwgdut an undue level of complexity. For
disciplines focused on the concept of riskpasnarily probability (e.g., probability of
suffering a financing gap or the probatyil of system failure), we note that
consequences matter. A failure that resltsnly minor damages or a financial option
that results in only a minor financing gap significantly different than one which
results in catastrophic damages or an uncldsdatancing gap, even if that failure or
the gap is slightly more likely. The use of a risk curve can distinguish these and allow
informed decisions. For analysts whose &sidiypically focus on expected values that
combine probability and congeence into a single metric, we note that some options
appear to be oriented towards the redurciof epistemic uncertainty. For example, a
decision maker that is highly erse to uncertainty may consider insurance as a viable
option, given that the fundamental naturensiurance is to trangfm an uncertain large
loss into a certain smaller loss. As in aw®cision problem, the deston maker must be
aware of their goals and constraints andallotw the analyticaldols of the component
disciplines to define the problem for them.

A second finding of the study is that althouglustural (loss-preventing) and financial
(loss-spreading) mitigation measures may hsaigmificantly different characteristics,

they may still be examined in a consistent way if an appropriate measure of risk can be
identified. This is closely connected withe use of a broadeprception of risk that
identifies the strengths and weaknesses of different mitigation measures. Understanding
the comparative strengths and weaknesses of different instruments can assist in the
design of a system in whichehadvantages of some measures are used to offset the
disadvantages of other measures, thersdgucing and controlling the risks. For
example, the explicit treatment of epistemic and aleatory uncertainty allowed a
clarification of the different characteristics of reserve fundsmssrance. In this case,

the reserve fund served to reduce (or ewéiset) the cost ofex-post borrowing,
although it provided essentiallyo protection agast very large events and did not
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reduce the uncertainty e loss curve. The effect thfe reserve fund vgato shift the

risk curve in a beneficial direction at allgability levels. On the other hand, insurance
provided protection against the relativelyger and less likely losses and reduced the
uncertainty associated withgharge events. The effect thfe floodgate was similar to

that of insurance in that losses from vegiye events were reded; however, insurance

was clearly more effective at reducing the utaiaty of large losses, at the expense of
increasing costs. Both of these were quitkedBnt from the type of protection provided

by the detention basins, whiskrved to reduce the probatyilof losses but was subject

to considerably uncertainty about the losgé®n the capacity adhe basins could be
overwhelmed by beyond design-basis stormEhe synergistic effects of combined
measures were apparent, in that the usero€tstal measures assisted in mitigating the
major drawback of insurance (the highstoby reducing expected losses while the
insurance policy managed the residual uncertainty associated with the structural
measures. Also, the effect of a resefiwed was enhanced whaombined with loss
reduction techniques that extended the potential for accumulating adequate reserve
funds. In this case, we were able to denraies that using plausiblvalues and realistic
options drawn from a real flood risk magaent problem, considerable reduction in
the total cost of mitigating flood damage may be achieved by combining structural
measures with financial measures.

Several methodological issues arose during course of the study. One is that
integrating inputs from severdisciplines into a single analgs not surprisingly, can be
challenging in practice. Even the course of an integied study, theroper way to

link the output of the hydrdic model to the damage rdel was not clear. Although a
solution was found at the end, the study mayeHaoked quite different if the approach
eventually adopted had been used at the détsethis is due in large part to the
different approaches in conceptualizing tiek analysis problem in the contributing
disciplines. It is incumbent on the aysts in such studieso understand the
assumptions, limitations, and data requirements of the interfacing disciplines
sufficiently that they may communicate effectively. However, this suggests that
integration is not simply a process of completing the component analyses and then
combining them at the end. Consal@e communid#on is require throughout the
process to ensure that the necessary legrprocesses occur. Academic studies can
help in this regardby providing templates and examplashow such integration might
occur. Another issue that arose late tire study is that ther are challenges to
quantifying the "cost" ofa reserve fund in a probabilistic way. The concept of
opportunity cost, which is additional approach in cosehefit analyses, is a simple
concept in deterministic terms but is colesably more complex to implement in
probabilistic terms, when the a “cost” can egative. Finally, we note that we have
approached the treatment of epistemic unc#ytan financial parameters from a very
empirical, atheoretical, enmgering-oriented perspeativ as the background of the
primary authors is largely an engineeriragkground. Our approach to uncertainty was

12 |t should be noted that thisdme of the benefits of performing suatstudy in an academic rather than

a consulting framework. Consulting studies typically not have the luxury of implementing major
model revisions during the course of the analysise ddnsulting team must start with a clear analytical
approach before data is collected and simulations performed, or else the study wil quickly hudgeer

and over schedule. At worst, the consulting study may be delayed to the point that it cannot be used for a
decision that must be made quickly.
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quite consistent with what Renn has obséras the dominant technical paradigm of
using "relative frequencies (observed or modeled) as a rteeapscify probabilities”.

Considerable improvements may be obtaibgdreating financial uncertainties using
tools that are more widely accepted within the financial community.

There were significant limitains in this study which suggemteas where considerable
improvement could be made in the ammo presented herein. Although there are
certainly many areas for improvement, ittie authors' opinion that the two major
technical limitations of this study includeethack of specific accounting for the time
preference of losses (i.e., no discounting) Hre lack of a more thorough investigation
of the “cost” of a reservaufid. An appropriate method discounting for this problem
was not identified. It was felt that the stiard engineering cosstmation approach of
geometric discounting was inappropriafedue to the relatively long time horizons
used. Use of even a moderate discountwateld tend to obscuréhe impact of large
events occurring more than a few decadabhénfuture. However, it is precisely these
rare, costly, and infrequent events withiethwe are concernedThe decision not to
discount was an explicit decision on the parthef lead author ahis report. A major
improvement of this study would be asxamination of alternate methods for
discounting future losses frooatastrophic events. Also, as previously discussed, a full
examination of the "cost" of a reserve fumdthe context of astudy that includes
epistemic uncertainty was not carried out. The difficulties in applying the concept of
opportunity cost for valuing theost of a reserve fund wenet fully appreciated at the
outset and did not become apparent unaél study was nearing completion. We also
note that we have made no attempt at agation in this analysis, largely because
optimization requires a clear statement of gloals to be achieved and the constraints
that are faced. Rather than hypothesize aboat thlese might be, we consider that such
parameters are best developed in atiaion with the decision makers.

We may return at this poirtb Renn's discussion of themitations of technical risk
analyses. He identifies four major crititis of the technical perspectives on risk:
"First, what people perceive as an unddde effect depends on their values and
preferences. Second, thderactions between human activities and consequences are
more complex and unique than the averagegbiibes used in technical risk analyses
are able to capture. Third, the institutiberucture of managingnd controlling risks

IS prone to organizational failures ardkficits which may increase the actual
risk*Fourth, the numerical combination of magnitude and probabilities assumes equal
weight for both components'On the other hand, hesserts that the "the narrowness of
this approach contains both its weaknesd #&s strength. The exclusion of social
context and meaning from techal risk analysigprovides an abstraon that enhances

the intersubjective validity of the resulsit at the prices of neglecting the social
processing of risk."

3 On the other hand, it was realizéht if the losses are associateith replacement of items with a

value that depreciates due to wear and obsolence, and would be replaced or renewed on a regular basis
with or without a flood, then high discount rates may be quite appropriate. In this case, the effect of a
flood would be more related to the issue of cash flow and an alternate metric (such as maximum annual
cost rather than total cost incurred) might be more appropriate. This highlights the need to fully
understand the objectives and goals of the decision maker before conducting an appkéd anal
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We believe that these criticisms are well takaut, that it is alsaseful to distinguish
between fundamental weaknesses and appleskmess. Several of the criticisms of
technical risk analyses do nappear to be fundamental to quantitative simulation
modeling. In particular, thistudy has addressed the tbuwveakness and demonstrated
that this is a problem mona the application than ithe fundamental approach of
technical analyses. The eausof single valued metricshat numerically combine
probability and consequences are not necgstathe conduct of a technical risk
analysis. On the other hand, we do recogttize the use of single-valued metrics is
extremely common in practice. Overcomingstapplied weakness will not be a trivial
task. Several of the other criticisms -mmey, that differentindividuals may value
negative outcomes differently atitht and that the institutional measures are subject to
organizational failures - can also bert@dly addressed by improvements in the
application of simulationeichniques by developing modelapable of quantifying the
outcomes of concern to different staketess and by including terms for human or
organizational failure. However, becauseamfification is a fundaental aspect of
simulation modeling, these concerns can pobbaot be completelpaddressed within a
technical framework. In some cases, théurea of the problem may be such that
quantitative analysis is simply ntte best tool for managing risk.

However, at least to the extent to which the concerns of different stakeholders can be
quantified, the virtue of exel®s such as these is that tlalgw the impact of different
potential goals and constraints to be examined systematically. The value of such
flexibility may become particularly appareint situations where multiple stakeholders,
with different objectives rad constraints, must negdgato determine a jointly
acceptable solution. This advantage is himtelly Walker (1997) anl is precisely this
aspect of catastrophe moawgithat is being exploredithin the Tisza River study by
Ekenberg et al. (2003) and Brouwers (2008pproaches to scenario construction, and
goal/constraint identification within a negdéd environment are being pursued within
the Risk, Modeling, and Society ProjecEurthermore, the optimization techniques
being explored by Ermoliev @l. (2000) and Ermolieva at. (2001) may allow the use

of integrated models in a close t®altime environment during meetings and
negotiations. Evaluation of the characteristo€salternative financial instruments are
being pursued by Mechler and Pflug (2002)s lhoped that thistudy can comibute to

the goals of the project by demonstratiag integrative framework that includes
multiple forms of uncertainty, clarifies eéhcharacteristics of different mitigation
alternatives, and deals with both structural and financial mitigation options on a
consistent basis. It remains to future weokweave together the disparate strands of
full treatment of uncertainty, integration of spatially explicit structural and non-
structural mitigation options, fast optimtian, and stakeholder negotiation to achieve
the integrative possibilities that are nonly potential in thigype of analysis.
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