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Abstract. As a result of the severe floods in Europe at the
turn of the millennium, the ongoing shift from safety ori-
ented flood control towards flood risk management was ac-
celerated. With regard to technical flood control measures it
became evident that the effectiveness of flood control mea-
sures depends on many different factors, which cannot be
considered with single events used as design floods for plan-
ning. The multivariate characteristics of the hydrological
loads have to be considered to evaluate complex flood con-
trol measures. The effectiveness of spatially distributed flood
control systems differs for varying flood events. Event-based
characteristics such as the spatial distribution of precipita-
tion, the shape and volume of the resulting flood waves or
the interactions of flood waves with the technical elements,
e.g. reservoirs and flood polders, result in varying efficiency
of these systems. Considering these aspects a flood control
system should be evaluated with a broad range of hydrologi-
cal loads to get a realistic assessment of its performance un-
der different conditions. The consideration of this variety
in flood control planning design was one particular aim of
this study. Hydrological loads were described by multiple
criteria. A statistical characterization of these criteria is diffi-
cult, since the data base is often not sufficient to analyze the
variety of possible events. Hydrological simulations were
used to solve this problem. Here a deterministic-stochastic
flood generator was developed and applied to produce a large
quantity of flood events which can be used as scenarios of
possible hydrological loads. However, these simulations im-
ply many uncertainties. The results will be biased by the
basic assumptions of the modeling tools. In flood control
planning probabilities are applied to characterize uncertain-
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ties. The probabilities of the simulated flood scenarios differ
from probabilities which would be derived from long time
series. With regard to these known unknowns the bias of the
simulations was considered by imprecise probabilities. Prob-
abilities, derived from measured flood data were combined
with probabilities which were estimated from long simulated
series. To consider imprecise probabilities, fuzzy sets were
used to distinguish the results between more or less possible
design floods. The need for such a differentiated view on the
performance of flood protection systems is demonstrated by
a case study.

1 Introduction

Flooding is the major cause of damage of all natural catastro-
phes in Germany (Thieken et al., 2007). Following the severe
floods that affected Europe at the turn of the millennium, the
risk perception increased significantly, giving rise to a higher
demand for risk management. The risk management process
consists of three main components: risk estimation, risk eval-
uation and risk control/communication (Fell and Hartford,
1997). With the need to characterize risk, a shift has taken
place from safety-oriented flood defence towards integrated
flood risk management (Plate, 2002). Under consideration
of the impossibility of an absolute protection against flood-
ing by technical measures, decision makers are forced to ac-
cept that remaining risks have to be considered. Integrated
flood risk management has to combine flood risk analysis
with measures which are appropriated for risk reduction, a
planning approach which differs significantly from safety-
oriented flood planning in the past. In the safety-oriented
planning a certain flood event is defined and used as a design
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flood. The two basic assumptions of this flood design con-
cept are:

– The design flood defines the limit up to which a flood
can be controlled completely by technical measures.

– A failure of the system has to be expected only in such
cases where the design flood is exceeded.

Under these assumptions, design floods with very small
probabilities are often used. Thus the risk of occurrence of
a flood beyond the design flood seems to be very small. In
many cases this remaining risk has even been neglected. The
remaining risk of failure, which may result from the hydro-
logical risk of an extreme flood, but also from other sources
as operational and technical risks, has to be considered in a
risk-based planning approach (Plate and Meon, 1988). An
assessment of the effectiveness of flood protection measures
is needed to specify the remaining risk.

What does this shift in paradigm mean for hydrology?
The efficiency of flood control and the reliability of water
resources systems depend to a large extent on hydrological
information used for planning. Flood risk results from the
combination of the natural hazard, the potential losses and
the vulnerability of the affected exposure unit (Merz, 2006).
Hydrology describes the hydrological risk by characterizing
the flood event with its probability. The question arises which
of the multiple characteristics of a flood is defined with this
probability: peak, volume, shape or (in large river basins) the
coincidence of floods in the different tributaries? Mostly the
flood peak is characterized by its probability and all other
characteristics are fixed and related to this peak. This can
be accepted in safety oriented planning (if the safety of a
structure has to be demonstrated), but this specification of
a critical hydrological load is inappropriate for risk-based
planning. If the remaining risks have to be specified, events,
where a partial or total failure of the flood protection system
can be expected, have to be considered. It is insufficient to
show how the system would function if a defined design flood
were to occur. A large amount of possible hydrological loads
should be considered to demonstrate under which conditions
the performance of the planned flood control system would
be low and to demonstrate the impacts of possible failures.
Based on these analyses the efforts for risk reduction can be
compared with the remaining risks.

Hydrological time series are often too short, non-
homogenous or non-stationary to provide the information
about the large range of hydrological loads which is needed
in such analyses. However, there is an option to generate
a data base with stochastic means. Most of those attempts
are based on complex simulations, starting with stochastic
generation of precipitation and transforming the results with
a deterministic hydrological model into a runoff time series
(e.g. Blazkova and Beven, 2002; McMillan and Brasington,
2008). It can be shown that this methodological approach
implies many uncertainties (Lamb and Kay, 2004; Cameron

et al., 1999). A probabilistic characterisation of the results is
difficult, as several stochastic assumptions are incorporated.
For example the meteorological load has a probability as well
as the initial state of the deterministic hydrological model,
the model parameters itself are uncertain, the behaviour of
the model for extreme events, which are often higher than
any observed flood, is uncertain, the impact of technical flood
retention measures depends on unknown operation schemes
and so on. These problems aggravate if such analyses are
done for a large river basin with spatially distributed hydro-
logical loads, where many different combinations of influ-
encing factors are possible. Many of the influencing factors
can not be characterized by probabilistic means. Neverthe-
less, simulations are the sole way to specify the complexity
of possible hydrological conditions in cases where the data
base is insufficient.

In the following a methodology is presented which uses
a stochastic rainfall generator coupled with a deterministic
hydrological model for the river basin. The developed de-
terministic model incorporates the effects of existing flood
retention structures, thereby considering the complex depen-
dencies between their performance and specific characteris-
tics of flood events. The simulated flood events were anal-
ysed with multivariate statistics. The interdependencies be-
tween simulated volumes and peaks and interactions of trib-
utaries during the simulated flood events were characterized
with multivariate statistical means. Based on these analyses
single scenarios were selected and used to assess the perfor-
mance of planned extensions of the flood retention system.
Different stages of enlargements of the flood polders were
analysed. Under consideration of the large uncertainties of
this methodology, the applied scenarios were characterized
by imprecise probabilities. Only one characteristic, the sta-
tistical return period of the flood peak at the inflow point
into the flood retention system, was defined by probabilities
which were based on measured data. Comparing the return
period of the peak with joint return periods of the volume-
peak combinations and the probabilities that a coincidence
of floods of two tributaries occurs, typical and non-typical
flood scenarios were differentiated. For a typical scenario
the probabilities of peak and volume or peak and flood co-
incidence of tributaries are similar but for non-typical floods
these probabilities differ significantly. As these differenti-
ations are based on simulations, the results are uncertain.
This uncertainty is handled with fuzzy logic in the Multi-
Criteria Decision Making (MCDM) procedure which was ap-
plied to compare the different stages of the extension of the
flood control system. A MCDM-method was applied since
many conflicting criteria have to be considered. The con-
flicts resulted mainly from the limitations of technical flood
control systems to ensure an absolute protection. It became
evident that the risk for damages may increase (compared
with the actual stage of extension), if new planned elements
of the flood retention system would fail. This is especially
a problem for flood polders which are situated in natural
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flood plains of rivers. These areas would naturally act as
flood retention areas during extreme floods, but are now used
for technical flood retention during the rising limb of hydro-
graphs. Often the retention capacity is exhausted before the
peak of an extreme flood is reached.

2 Methodology

2.1 Stochastic-deterministic generation of flood
scenarios for large river basins

An analysis of the performance of flood control measures in
a large river basin has to consider a large variety of differ-
ent flood events. As hydrological time series can often not
represent this complexity, different scenarios have to be de-
fined, which should cover the wide range of possible circum-
stances. These scenarios can be derived from simulations.
At the design stage of flood control works, simulations of
possible discharge series are required. These series are not
“real” in the sense of being expected, but they are examples
of what could occur (Kachroo, 1992). Such flood events are
treated as being typical for the conditions under which the
flood control system is operated. A precondition of simula-
tions is a characterisation of the stochastic structure of pre-
cipitation. With regard to the large size of the river basin of
interest a spatially distributed rainfall generator was devel-
oped, which describes the stochastic behaviour of point mea-
surements as well as the spatial correlation of daily rainfall
values. A stochastic model for the generation of daily time
series of rainfall at multiple locations was used, in which the
amount of daily rainfall was modelled by a mixture of two
different probability distribution functions (Hundecha et al.,
2009).

To simulate a long time series of runoff from the stochas-
tically simulated precipitation sequences a semi-distributed
hydrological model, based on an object-oriented framework
and following the concept of HBV-96 (Lindström et al.,
1997) has been applied. As the runoff conditions within
the simulated river basin were affected by several reservoirs
which were constructed for flood control, a reservoir module
for controlled and uncontrolled flood management was inte-
grated. This module allows for consideration of the specific
hydraulic conditions of reservoirs with regard to the bottom
outlet and the spillway and can be used to simulate differ-
ent operation rules. This hydrological model was applied to
simulate a long time series of discharge values at several lo-
cations within the river basin with daily time steps. To avoid
the difficulties of a stochastic simulation of other meteoro-
logical variables which were needed for the simulation of
the water balance, here an observed time series of 40 years
with measured daily data of temperature, radiation and air
humidity were used. These series were repeated 250 times
(in total 10 000 years were simulated). With regard to the
large number of random combinations of precipitation values

with other meteorological variables, a realistic representation
of the hydrological conditions can hence be expected. To
demonstrate this, the statistics of precipitation and runoff val-
ues estimated at gauges were compared with statistics from
the simulated series. The basic assumptions of this method-
ological approach are:

– The stochastic rainfall generator is able to reproduce the
spatial and temporal distribution of precipitation within
the river basin,

– The hydrological model represents the runoff genera-
tion and the flood wave propagation within the river
basin in an appropriate way (this precondition can not
be validated for very large events),

– The spatial and temporal distribution of rainfall within
the river basin is the most important factor with regard
to the flood climatology within the river basin.

The 10 000 year time series of daily runoff data was anal-
ysed by means of multivariate statistics (see Sect. 2.2) to
select 31 events, which were used as flood scenarios. The
number of events which could be simulated in detail was
limited due to the high CPU requirements of the hydraulic
model. The Copula-based statistics provided criteria which
were used to select such events appropriately. Thus the spa-
tial structure and the relationships between flood peaks and
volumes at the inflow of the two reservoirs were modified to
ensure that events, which have not been observed in the past,
but which seem to be probable, were included. These se-
lected events were simulated with an hourly time step to en-
sure that the flood dynamics and the effects of flood control
measures are represented in an appropriated way. To do this,
the series of daily precipitation have been disaggregated into
hourly time values using the tools HYETOS (Koutsoyiannis
et al., 2003) and MuDRain (Koutsoyiannis and Onof, 2001).
The return period of the peak was chosen as a basic charac-
teristic of all flood events. Six different return periods were
considered (T =25, 50, 100, 200, 500, 1000 years). For each
of these classes of return periods five flood events were se-
lected (and one extreme event withT >1000), which differ
in their shape, their volume and the spatial distributions of
runoff. The probabilities of these multivariate characteristics
were assessed by multivariate statistics.

2.2 Categorising hydrological loads with multivariate
statistics

Joint probabilities of relevant flood properties can be used to
characterise the different hydrological scenarios. This is nec-
essary for risk-based planning, as univariate frequency analy-
sis, which defines the return period of a flood e.g. by its peak,
may lead to an over- or underestimation of the risk associ-
ated with a given flood (see e.g. Salvadori and De Michele,
2004). Copulas can be used for the construction of bivari-
ate distribution functions. They have been extensively used
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in the areas of financial studies but more recently copulas
also have been implemented in hydrology for multivariate
analysis of hydrological random variables (see e.g. Favre et
al., 2004; Grimaldi and Serinaldi, 2006; Salvadori and De
Michele, 2004; Klein et al., 2009). A bivariate distribu-
tion for two correlated random variablesX andY with the
univariate marginal cumulative density functionsFX(x) and
FY (y) can be expressed using copulas. A copula is a function
which exactly describes and models the dependence struc-
ture between correlated random variables independently of
the marginal distributions. The link between the copula func-
tion and the joint distribution is provided by the theorem of
Sklar (1959):

FX,Y (x, y) = Prob(X ≤ x, Y ≤ y)

= C [FX (x) , FY (y)] = C (u, v) , (1)

whereFX,Y (x, y) is the joint cumulative distribution func-
tion (CDF) of the random variables andC is the copula func-
tion defined as mappingC:[0,1]2→[0,1]. Because copulas
are invariant under strictly increasing transformations ofX

andY we concentrate on the two uniformly distributed ran-
dom variablesU andV on [0,1].

A large variety of copulas is available to model multivari-
ate dependencies. Here the two parameter BB1 copula (Joe,
1997):

Cθ (u, v) =

{
1+

[(
u−θ1−1

)θ2
+

(
v−θ1−1

)θ2
]1/θ2

}−1/θ1

,

θ1>0, θ2≥1 (2)

was selected for the bivariate analysis.
There are two different exceedance probabilities using bi-

variate frequency analysis:
The probability with which the random variablesX andY

both exceedx andy is defined as

P(X ≥ x ∧ Y ≥ y)

= 1 − FX (x) − FY (y) + FX,Y (x, y) ,

= 1 − FX (x) − FY (y) + C [FX (x) , FY (y)]
(3)

with the corresponding joint return period in whichx andy

are exceeded being expressed as

T
∧

X,Y =
1

P(X ≥ x ∧ Y ≥ y)

=
1

1 − FX (x) − FY (y) + C [FX (x) , FY (y)]
(4)

and the probability ofX or Y exceeding the thresholdsx or
y is defined as

P(X≥x ∨ Y≥y)=1−FX,Y (x, y) =1−C [FX (x) , FY (y)] , (5)

with the joint return period in which eitherx or y are ex-
ceeded written as

T
∨

X,Y =
1

P(X≥x ∨ Y≥y)
=

1

1−C [FX (x) , FY (y)]
. (6)

More detailed descriptions of the copula methods can be
found in Genest and Favre (2007), Joe (1997), Nelsen (1999),
Salvadori and De Michele (2004) and Salvadori et al. (2007).
By applying copulas the multivariate statistics of the gen-
erated floods can be described. Here the interdependencies
between peak and volume but also the probabilities of coin-
cidences of flood events in tributaries were considered. Since
these statistical descriptions are based on simulated data and
only one statistical characteristic, the return period of flood
peaks, could be compared directly with measured discharge
data, the probabilities derived from copula analyses were not
integrated directly in the MCDM process. Here bivariate
copula probabilities were used to differentiate between plau-
sible and less plausible events within the classes of equal re-
turn periods of the flood peaks. This is done with a measure
of plausibility which is described in the following.

2.3 Characterisation of hydrological loads with
imprecise probabilities

The assumption that flood events with similar peaks but dif-
ferent volumes or caused by different spatial distributions of
precipitation and runoff within the basin will have the same
probabilities is not correct. The multivariate characteristics
and their interdependencies can be characterised with cop-
ulas. However – as the data base was derived from com-
plex simulations the probabilities of flood scenarios are un-
certain. Nevertheless, the copula-based statistical informa-
tion provides opportunities to differentiate among the design
flood scenarios. Here this information is used as imprecise
probabilities. Imprecise probabilities are a way to consider
uncertainties of probabilistic assessments. The imprecision
in expressing probabilities, which was very much stimulated
by Walley (1999), introduced a new dimension into the for-
malization of uncertainty and uncertainty-based information.
Events which belong to one set of floods according to the
return period of the peak may differ in other characteristics.
These differences were analysed with Copula statistics. The
resulting statistical measures are used as additional informa-
tion to specify the events in a possibilistic way. There are
typical events where the return period of the peak and the
return periods of other characteristics are similar and less
typical events where these probabilities differ significantly.
Fuzzy sets are one way to specify uncertainties (Klir and
Smith, 2001). According to fuzzy theory the membership
of a single event within a set of flood events of a certain re-
turn period is specified by a function characterising the grade
of membership. A flood is seen as fuzzy event which has a
probability measure (return period of the peak) and a degree
of membership (Zadeh, 1965). Zadeh (2005) suggested in
his generalised theory of uncertainty the application of fuzzy
sets for possibilistic modalities of generalised constraints.

A generalised constraint is a constraint of the form:

X is rR (7)
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whereX is the constrained variable,R is a constraining rela-
tion andr is an indexing variable, which is blank for possi-
bilistic constraints. Therefore,

Poss{X = u} = µA (u) (8)

whereu is a generic value ofX, µA is the membership func-
tion of A andA is a set of values inX.

The fuzzy numberA=(l, m, u) with l≤m≤u is a triangular
fuzzy number, if the membership function can be written as
(Zadeh, 1965):

µA (x) =


0 for x ≤ l

x−l
m−l

for l < x ≤ m
u−x
u−m

for m < x ≤ u

0 for u < x

(9)

Triangular fuzzy numbers are one of the simplest forms of
fuzzy numbers. Generally, they are described by three real
numbers as̃A=(l, m, u) wherel≤m≤u represent the lower,
modal and upper value of the fuzzy number. The modal
value has a membership value ofµA(m)=1. Here the highest
value of the membership function (µA(u)=1) was attributed
to events where the bivariate copula probabilities are nearly
the same as the probability of the flood peak. Such flood
events seem to be most representative for a certain return pe-
riod with regard to the agreement of the different statistical
characteristics of the flood. If e.g. the return period which
was estimated from the joint probability of peak and volume
is greater than the return period of the peak, the event is less
probable than expected from the return period of peak alone.
If this concordance between return periods is not given, e.g.
if the joint volume-peak-probability indicates a more com-
mon event, the return period of the flood peak seems to be
less plausible.

To consider these differences a characteristic “plausibil-
ity” PPlausibility is introduced, which is derived from the dif-
ferences in probabilities:

PPlausibility=

Min

(
T ∨

Peak,Volume
TPeak

;
2·TPeak−T ∨

Peak,Volume
T ∨

Peak,Volume

)
, ∀T ∨

Peak,Volume ∈ [0; 2·TPeak]

0, ∀T ∨

Peak,Volume /∈ [0; 2·TPeak]
(10)

TPeak and T ∨

Peak,Volume are the return periods based on the
flood peak statistics or on the copula statistics of flood peak
and volume.

The flood scenarios with a certain return period of the peak
were analyzed separately after fuzzification of their plausibil-
ity. The other characteristics such as the volume and shape of
the hydrograph vary within these groups and describe the un-
certainty range, which can be specified with triangular fuzzy
numbers.

2.4 Impact assessments of flood control measures

A hydraulic model was applied to describe the flood wave
propagation and the hydraulic effects of flood polders and

to specify the inundation areas which are expected for dif-
ferent flood scenarios. Due to the large number of simula-
tions a computationally efficient coupled 1-D-2-D hydraulic
model (Kamrath et al., 2006) was used. The 1-D model is
based on the St.-Venant-equations, whereas the 2-D model
has been implemented using an “initially dry land” approach
that embodies storage cells. An implicit integration scheme
is used to improve computational efficiency. The coupling
of 1-D-1-D/1-D-2-D is bidirectional. Based on land use data
and detailed analyses of the social and economic conditions
within flood exposed areas, socio-economic flood damages
were estimated depending on the height of flooding and flow
velocities. The possible impacts of inundations were consid-
ered by the number of affected inhabitants and the total dam-
ages, which were differentiated between damages in rural ar-
eas and settlements. The benefits of the flood control system
can be characterized by reduced peak flows and their respec-
tive water levels. Thus the differences between the present
situation and different flood protection measures were esti-
mated.

2.5 Integration of fuzzy numbers in Multiple Criteria
Decision Making (MCDM)

Decisions about the degree of flood protection are very com-
plex, as many different interacting criteria have to be consid-
ered such as different risks, mitigation strategies and stake-
holders (Berlekamp et al., 2005). Even if risks can be quan-
tified, risk reduction is a political task as the decision makers
have to decide about safety, costs and remaining risks which
possess a normative, qualitative, and political nature into the
decision process (Haimes, 1998).

The complexity of the decision problem places severe re-
strictions on the degrees of detail, which can be offered to
decision makers. Scientific information about hydrological
risk is only one of many components which contribute to de-
cisions concerning flood protection. If the scientific uncer-
tainties are emphasized too much it complicates the already
difficult process of decision making (Morss, 2005). Better
and more complete information does not necessarily lead to
better policies; very complex information can affect the deci-
sion making process negatively. Beven (2006) mentions the
risk of undermining the confidence of stakeholders.

However, it remains important that during the decision
process, the inherent uncertainties are incorporated. Oth-
erwise the stochastic character of floods and the variability
within distributions of benefit and cost leads to a false sense
of safety and underestimation of remaining risks. Uncer-
tainty related to the outcome or occurrence of flood events
should not prevent a flood control planning. However, im-
proved communication – not only to those who make regu-
latory decisions on the basis of such information, but also to
stakeholders and the general public (Krupnick et al., 2006) is
essential.
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In order to provide the information to decision makers in
a structured way, the flood risk data should be character-
ized within a MCDM, which can be integrated in a decision
support system (DSS). The MCDM technique should allow
for incorporation of both qualitative and quantitative data, it
should organise the complexity of the multicriterial decision
system in a clear hierarchical structure and should integrate
uncertainty in the analysis. Here the results of the risk anal-
ysis for flood control planning were presented as fuzzy num-
bers. The MCDM-algorithm used in this study is the fuzzy-
analytical-hierarchy-process (F-AHP) based on the classi-
cal AHP formulated by Saaty (1980) (Van Laarhoven and
Pedrycz, 1983; Boender et al., 1989; Deng, 1999). The hier-
archic structure provides the opportunity to organize criteria
and subcriteria in a hierarchic way. The fuzzy approach al-
lows a higher degree of freedom in specifying weights among
criteria. The methodology is summarised in Fig. 1.

3 Case study

3.1 Description of the case study basin

The methodology described above has been applied to the
Unstrut river basin in the central part of Germany. The Un-
strut watershed has an area of∼6400 km2 and is situated
partly in the Federal State of Thuringia and partly in the Fed-
eral State of Saxony-Anhalt (Fig. 2). This geographic loca-
tion results in an uneven distribution of benefits and burdens
of flood control. The upstream flood control system belongs
to Thuringia, but many of the flood protected areas are sit-
uated in Saxony-Anhalt. The catchment has variable topo-
graphic structure, with lower regions in the central part, the
Harz Mountains in the North and the Thuringian Forest in
the South.

At the moment the current technical flood retention system
within this river basin consists of the reservoir Kelbra and the
reservoir Straussfurt, of several small reservoirs of local im-
portance, a flood channel and a flood polder system with five
polders between the cities of Oldisleben and Wangen (see
Fig. 2). In total the flood retention system has a volume of
∼100 Mio. m3. The reservoir Kelbra is operated by the state
of Saxony-Anhalt, whereas the remaining flood retention fa-
cilities are operated by the state of Thuringia. In communi-
cation with the local authorities a set of planned flood control
measures were developed, varying from the optimization of
the existing polders, increase of retention time within polders
by additional check dams, creation of new polders, variation
of the inlet regulation (controlled and uncontrolled flooding)
and alteration of the polder inlet structures. These measures
were clustered into six different stages of extension of the
flood retention system. The existing stage of extension is de-
noted as stage 1 and the most complex stage as stage 6 (see
Table 1).

Table 1. System stages of the flood control system considered in
this study.

System Specifications
Stage

SS1 Current stage. Only a small percentage of system
retention capacity can be used due to malfunctioning
technical elements. Polder system consists of five
polders (∼45 million m3)

SS2 Current stage fully operational. Polder system consists
of five polders polders (∼45 million m3).
Retention capacity enhanced by check dams

SS3 Extension of the system. Stage 2 with four additional
polders to increase the retention volume
In total about∼77 million m3

SS4 Alternative extension of the system. Stage 2 with
four larger polders than in SS3. In total about∼85 million m3.
Polder inlet structures not controlled

SS5 Stage 4 but with controlled polder inlets

SS6 Extension and operation of the system as in stage 5 plus
widening of the polder inlet structures

3.2 Specification of hydrological loads

As described under point 2.1 a long series of runoff (10 000
years) was simulated on a daily basis. These data were es-
sential for this study as the measured discharge data were
affected by the construction of two flood reservoirs and river
regulations. Thus the flood regime of the river basin could
be characterised only by hydrological modelling. The inflow
gauge situated upstream of the flood reservoirs was used to
verify the flood statistical results provided by the stochastic-
deterministic simulations with the statistics of a series of 40
years measured discharge data. Furthermore, a multivariate
statistical analysis of simulated data with regard to the re-
lationship between flood peak and volume has been carried
out.

Generally, flood peak and flood volume are two statisti-
cally dependent variables. Therefore the joint return period
of the values of the annual flood peak and the correspond-
ing volume of the inflows to the dam Straussfurt was used
to categorize the hydrological scenarios selected for the de-
sign of the flood control system. The copula method was
used to express the bivariate distribution function. The first
step of the bivariate frequency analysis using copulas was
the estimation of the marginal distributions of the two ran-
dom variables. It was found that each variable could be de-
scribed in an appropriate way with the Generalized Extreme
Value (GEV) distribution. The second step was the selection
of a suitable copula to describe the dependencies between
the random variables. Diverse copula functions were fitted
to the database. The two-parameter copula BB1 (see Eq. 2)
reflected best the dependence structure between the random
variables. A detailed description of the model selection and
the copula analysis is given by Klein et al. (2009).
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Fig. 1. Flowchart depicting the different steps and model components to integrate hydrological uncertainties in flood control planning.
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Fig. 2. Topographical map of the Unstrut catchment in Thuringia
and Saxony-Anhalt. Also shown are the technical flood retention
system (current and extended) and important gauges within the
catchment.

Figure 3 illustrates the contours of the joint return periods
T ∧

X,Y (for which X andY ) andT ∨

X,Y (for which X or Y ex-
ceed their respective tresholdsx andy) with respect to the
flood peak (X) and the corresponding volume (Y ) and the
annual events from the simulated time series. For example
events with a flood peak of a 100 year return period the cor-
responding return periods of the flood volume range between
10 years and 2000 years. This demonstrates that it is recom-

Fig. 3. Joint return periodsT ∨
X,Y

(exceedingx or y) and theT ∧
X,Y

(exceedingx andy) of the corresponding flood peak and volume.

mendable to use joint probabilities for a detailed description
of flood varieties instead of a univariate probability of the
flood peak only.

Based on 10 000 years simulated runoff 31 flood events
were selected. For each return period of 20, 50, 100, 200,
500 and 1000 years five events were selected which were
covering a large range of spatial distributions of runoff and
peak-volume relationships. Event number 31 was an extreme
flood (T >1000 years), which was used to specify the upper
limit of possible damages. In Fig. 4 the inflow-outflow rela-
tionships of two floods with a return period of the peak of 100
years are shown to demonstrate the necessity for a multivari-
ate approach. In this example both events have a flood peak
of about 300 m3/s. Their peaks classify both of them with a
statistical return period of 100 years. However (as it is shown
in Fig. 4) both floods have strongly differing hydrographs.
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Fig. 4. Inflow (left) and outflow (right) hydrograph of the dam Kelbra (North) and detention basin Straussfurt (South).

The large flood on the left has a preliminary peak, two large
peaks and a large volume and can not be buffered by the ex-
isting flood reservoir. Compared with the second flood (on
the right) it causes damages that are about 30 times higher.
The analysis of the bivariate copula probability of flood peak
and volume reveals that the flood with the large volume has
a multivariate return period of 681 years, whereas the other
flood has a bivariate return period of only 134 years. In this
case, it would obviously be wrong to attribute the same pos-
sibility to both events.

But also the spatial rainfall distribution has large impacts
on the effectiveness of the flood control system. The flood
volume, triggered by the rainfall event 2320 (see Fig. 5 on the
left) is considerably smaller than for the event 2559 (shown
on the right in Fig. 5). It can be fully retained by the Strauss-
furt reservoir as it has only one flood peak, in contrast to the
event 2559. Although the peaks are of the same size, the
computed damages of the 2320 flood were 6 times higher
than the damages of the flood 2559. The main cause for this
difference is the spatial distribution of the rainfall: the 2559
rainfall volume is distributed among the watersheds in the
Northern part of the basin as well as in the Southern part,
where the runoff can be controlled. This is not the case for
the event 2320, where the main rainfall volume bypasses both
components of the flood retention system. As the relatively
small amount of the 2320 rainfall volume which passes the
inflow gauge of the reservoir Straussfurt results in a univari-
ate return period of the flood peak of 100 years, this event is
a non-typical 100-years flood. Here the return period has to
be corrected based on a multivariate probability to become
representative for the entire basin. Applying the multivariate
copula statistics to analyse the return period of this event for
the gauges at Straussfurt and Kelbra jointly it can be shown
that the event 2320 is three times more frequent than the
event 2559.

For 186 flood events (31 hydrological loads and six differ-
ent stages of extension of the flood control system), the fol-

Fig. 5. Precipitation distribution in the basin of the Unstrut for the
two events with exceedance probabilities of the flood peaks of 0.01:
event 2320 (left) and 2559 (right).

lowing parameters were computed with the hydraulic model
and used in this study: (i) inundation area, (ii) maximum wa-
ter level, (iii) maximum flow velocity, (iv) maximum prod-
uct of water level and flow velocity, (v) total duration of the
flood event and (vi) duration of exceedance of certain thresh-
old water levels.

3.3 Socio-economic assessments

With regard to a cost-benefit analysis the costs of the planned
measures, including the direct costs of flooding agriculturally
used polders were estimated. These costs were compared
with possible reductions of damages. This economic analy-
sis was done in a spatially distributed way in order to estimate
the site-specific damage potential. Since pecuniary damage
varies with flooding-specific parameters, the absolute or rel-
ative degree of damage was estimated using value and land-
use type specific damage functions, which were based on
flood height, velocity of the flow and flood duration.
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The damage functions were combined in a Geographic
Information System (GIS) with landuse and hydraulic data
in order to automate the calculation of geographically dis-
tributed economic risks, risks for affected persons, and
vulnerable localities (e.g. schools, nursery homes, clinics,
etc.) for all 186 flood events.

3.4 Simulation results

During the hydraulic simulations it became evident that the
risk of increased damages connected with new polders can
not be neglected. Especially for rare floods the hydraulic
conditions worsened. In Thuringia several settlements were
affected by floods if the volume-peak relationship is un-
favourable and/or new polders zoned by levees would be built
within natural retention areas.

In Fig. 6, the increase of damages for rare floods and an
extended polder system can be seen. The flood damages dif-
fer significantly between floods of the same return period. It
becomes evident that a large uncertainty of damages exists
as each of the five floods represents a possible event with
the same return period of the flood peak. Low-volume sum-
mer events, high volume spring floods, floods with multiple
peaks, floods which are related to antecedent conditions of
high soil moisture and floods with high spatial heterogeneity
in precipitation were considered to characterise the variety
of hydrological loads. It is shown in Fig. 6, that the per-
formance of the flood retention systems differ significantly
between flood events which have similar peaks. Obviously
these differences are difficult to communicate to decision
makers without the knowledge of the specific characteristics
of the flood control system and its performance in relation-
ship to the flood characteristics.

The differences between flood damages are also strongly
related to different vulnerabilities of locations within the
basin. This can be demonstrated with the example shown
in Fig. 7. No flooding occurs during the 2320 event at a point
of confluence within the river basin, in contrast to the 2559
event. However, even if the total flooded area is much larger
in the 2559 event, almost no urban areas were affected. In
contrast during the flood 2320 the runoff originated from the
South-Eastern part (see Fig. 5), causing a flooding of the set-
tlement Leubingen. These examples demonstrate the com-
plexity of flood conditions which were addressed here.

As mentioned before, for every return period five events
were selected on the basis of their volume, shape and spa-
tial distribution. The results of the bivariate statistical anal-
yses were used as indicators for the plausibility of the single
events (Eq. 10). The most plausible of five possible events,
together with the events’ minimum and maximum plausibil-
ity, defined a fuzzy numbers which was assumed to be repre-
sentative for this return period. An example of the resulting
triangular fuzzy number is given in Fig. 8.

This representation of the varieties of flood consequences
has two advantages: it reduces the complexity for the fol-

lowing MCDM calculations, but more importantly, it can be
visualized for decision makers. Large variations in shape and
volume of the hydrographs of a specific return period result
in a wide base of the fuzzy sets. For instance, one event with
a univariate return period of the peak of 500 years has a very
small volume. This peak-volume probability was estimated
with a return period of 33 years. The resulting low damage
has a very small plausibility considering this aspect. This re-
flects the fact that short flood events with very steep rising
and falling limbs, caused by convective rainfall events are
not representative for this large river basin. The maximum
plausibility in this group of 500 years flood events has a bi-
variate probability of 593 years. This example explains how
the plausibility was assessed: If the probability of the peak
and the bivariate probability based on joint consideration of
peak and volume are similar in their size, the event is a typ-
ical event with high plausibility. If the differences are large
(in both directions), the plausibility of the event is smaller.

Figure 9 shows the range of damages for a largely ex-
tended flood control system (stage 6). The performance of
the flood control system to reduce damages is high for return
periods up to 100 years (triangles shift to the left). Also, the
range of uncertainty increases for large events. This becomes
visible in the increasing base of the triangles. The flood con-
trol measures in stage 6, although beneficial for more fre-
quent events, may worsen the total amount of damages of
extreme events (the shapes of the triangular fuzzy numbers
shift and tend to the right).

This example shows how technical solutions for flood con-
trol are limited to the return period for which they were de-
signed. It became evident that technical flood retention facili-
ties such as polders situated in a natural inundation area may
worsen the flood conditions. The same flood control mea-
sures which have positive effects on small floods could have
negative impacts on rare events. The new levees constrict or
hem the discharge in its course outside the river banks. The
question is how this affects the total risks and, how this can
be communicated to the decision maker. A crucial step in
this communication is the combination of this information
with the expected benefits of flood peak reductions and to
balance both aspects. Here again the dependency of polder
performance on the flood severity has to be considered. This
was done with the fuzzy set representation of the results.

3.5 Considering the varieties of multiple effects of
flood control

The expected value of flood induced losses can be estimated
from the sum of the products of the values of damages times
the probabilities of the causing floods. This concept is of-
ten used to characterise the flood risk. This can be done also
with fuzzyfied risk values, but upper and lower limits and the
values with the highest memberships have to be handled sep-
arately. The resulting relationship for the Unstrut catchment
is displayed in Fig. 10. Figure 10 shows that the technical
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Fig. 6. Total economical damage caused by the 5 flood scenarios with different stages of extension, classified by the return periods of 50 (top
left), 100 (top right), 200 (bottom left) and 500 (bottom right) years, based on.

Fig. 7. Flooded area in the central part of the Unstrut basin for the 100 year events 2320 (left) and 2559 (right).
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Fig. 8. Fuzzified damages for the reference system (“status quo”) for the return periods RP 25, 50, 100, 200, 500 and 1000 years.

Fig. 9. Fuzzified damages for stage of extension 6, which encompasses the most elaborate flood protection measures, for the return periods
25, 50, 100, 200, 500 and 1000 years.

Fig. 10. Economical risks (inC/a) for all stages of the system, integrated over the entire univariate probability interval.

solutions in stage 3 gives rise to the smallest risk of dam-
ages concerning the most possible events (µ=1). However,
if we consider the other values of lower possibility, it seems
that stage 2 could be a better solution. It comprises the low-
est risk of damages, but more importantly, it has the lowest
maximum risk of damages within the range of all analysed
flood events. Nevertheless, the expected loss values are very
similar.

The expected values integrate the risks over the range of
probabilities. This can be interpreted as a weighting of the
damages or risks for each return period according to their
statistical frequencies. Therefore, damages that occur with
a statistical frequency of once in 25 years are upscaled to
a value which is 40 times more important than damages that
occur once every 1000 years. This integration of the expected

value does not considers that the risk aversion of society to
catastrophical events is much higher than for events which
cause a relatively small amount of damage even though they
occur more frequently (Slovic and Weber, 2002; Merz and
Thieken, 2007). Moreover, because of the higher weight-
ing of frequent floods, the rare events with low effectiveness
of flood control tend to be underestimated. This can be seen
more clearly if economic damages are compared for different
hydrological loads and stages of the flood retention system.
With regard to the applied triangular fuzzy numbers the fol-
lowing equations were used to specify the degree to which
a fuzzy number is larger than other fuzzy numbers (Chang,
1996):

V [(M≥M1) and (M≥M2) and. . . and (M>Mk)]

= min V (M≥Mi) (i=1, . . .k) (11)
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Fig. 11. Influences in the variation of weighing the return periods.

V (Mx>My) has the value

1
0

ly−ux

(mx−ux )−(my−ly)

if mx ≥ my

if ly ≥ ux

in all other cases
(12)

with Mx and Mi triangular fuzzy numbers with a lower
boundl, an upper boundu and a modal valuem. V is the
degree to whichMx is larger than allMy .

As can be seen in Table 2, the relationships of economic
damages differ between the individual stages of extension ac-
cording to the return periods. Small or no differences can be
detected among the different stages for the return periods 25
and 50 years. The construction of new polders (stages 3 to 6)
has positive effects for a 100 year flood as the flood protec-
tion was designed for this occurrence. However, it becomes
evident that the planned extensions of the flood defence sys-
tems, especially for the system stages 4, 5 and 6 dramatically
increase the damages caused by rare floods. The expected
value would indicate system stage 3 as the best solution, be-
cause of the reduction in the importance of rare events, where
system stages 4, 5 and 6 display the highest increase in dam-
age.

The decision support system should give decision makers
the opportunity to shift their focus of importance between
more and less rare events. To allow this functionality, the
different return periods can be handled as criteria, where the
individual importance can be weighted. Figure 11 illustrates
the importance of this weighting process: as the focus of
the decision maker shifts from low return periods towards an
equal weighing of return periods, the relative priorities con-
cerning economic damages change. For the expected value
(ELV) of all damages, system stage 3 results in the lowest
value, but if every return period is weighted equally (without
consideration of probabilities), system stage 1 and especially
2 are preferred.

Table 2. Defuzzified Proportion of economic damages for all stages
of extension for all return periods RP (25, 50, 100, 200, 500 and
1000 years) and the defuzzified expected loss value (ELV).

RP 25 RP 50 RP 100 RP 200 RP 500 RP 1000 ELV

SS1 0.167 0.167 0.196 0.095 0.144 0.085 0.170
SS2 0.167 0.167 0.196 0.082 0.142 0.085 0.169
SS3 0.167 0.167 0.151 0.116 0.152 0.106 0.158
SS4 0.167 0.167 0.153 0.237 0.188 0.242 0.168
SS5 0.167 0.167 0.152 0.234 0.187 0.239 0.168
SS6 0.167 0.167 0.152 0.236 0.187 0.243 0.168

For all the other criteria, the same kind of analysis was
carried out, visualising the risks per criterion and modifying
its weight for each stage of extension. After this analysis the
criteria were pooled.

Weighing different criteria according to their importance
for society depends on subjective factors. Theses qualitative
assessments can be expressed with fuzzy numbers (Chang,
1996; Srdjevic and Medeiros, 2008). Using a Fuzzy algo-
rithm enables the decision support system to incorporate not
only the hydrological uncertainties in the decision matrix, but
also to consider uncertain qualitative assessments of deci-
sion makers about their preferences. Here the Fuzzy AHP
methodology was applied. The following criteria were com-
bined (Fig. 12):

– two risk components, economical risk and social risk
(the social risk is represented by the numbers of af-
fected inhabitants and of risk hot spots such as hospitals,
kindergartens, schools etc.)

– reductions of risk downstream, which is characterized
by a reduction of the water level during the flood peak
(respective water level) at gauge Wangen

– costs of measures to improve flood control
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Fig. 12. Fuzzy AHP decision tree.

The spatial distributions of these criteria were considered by
application of a GIS to differentiate the results among the
two federal states. The costs were represented also with
fuzzy numbers which were derived from an economic anal-
ysis of the construction, operation maintenance and replace-
ment costs (Fig. 13).

In the decision support system, the decision maker has the
option to vary the weights of return periods or to focus on
individual damage criteria, e.g. on costs or benefits, in order
to explore his decision space and to analyse the systems re-
sponses. Table 3 gives an overview of the outcome of three
extreme decisions: total domination of economic criteria, to-
tal domination of social criteria and total focus on the reduc-
tion of the water level differentiated among floods with low
and high return periods. For clarity, the fuzzy priorities are
translated into rankings of the different stages of extension
of the flood control system (see Table 3). These results can
be interpreted as follows.

If we focus on economic damages, the existing sys-
tem (stage SS1) delivers suboptimal results for flood events
which happen more often. It is in need for improvement.
Technically low-level interventions such as replacing flood
locks with overflow dikes and new inflow gates (stage SS2)
reduce the predicted economic damages. Increasing the num-
ber of polders and thus the number of dikes in the flood-
plain (stage SS3) reduces the predicted economic damages
for events with low return periods. For high return periods,
the current system seems to be the best alternative as no ad-
ditional flood risk is created. It is improved slightly by the
measures of stage 2 (stage SS2). These results were verified
with the flood of 2002. Here the existing retention system
(stage SS1) failed. The polders were only flooded to a small
percentage of their capacity because of malfunctioning in-
let systems, causing a severe flooding and consequently high
damages downstream. The inherent danger of altering the
course of flooding through the construction of new polders
becomes evident in stage SS3: new areas were inundated

Fig. 13. Combined costs (construction and maintenance costs, har-
vest losses due to flooding of the polder system) for the different
stages of extension.

Table 3. Ranking for the stages of extension according to a different
prioritisation of the criteria for both low and high return periods.

Criteria Stage Low High
Return Return
Periods Periods

Economical damages

SS1 3 2
SS2 2 1
SS3 1 3
SS4 6 6
SS5 4 4
SS6 5 5

Social Effects

SS1 6 2
SS2 5 3
SS3 1 1
SS4 4 6
SS5 2 4
SS6 3 5

Downstream Water

SS1 6 1

Level reduction

SS2 5 6
SS3 3 2
SS4 2 3
SS5 4 4
SS6 1 5

during a flood. Moreover, by reducing the cross-sectional
area of floods, backflow may occur, causing a local increase
in flood level. In stage 4, the total length of polder dikes is
increased (an increase of more than 8 km compared to stage
3), causing a dramatic rise in economic damages, as well as
in endangered persons. It became obvious that the techni-
cal solution of uncontrolled polders has reached its limit in
stage 3. These results demonstrate the negative effects of
system stage 4 most clearly. The adverse effects of backflow
can be reduced if overflow dikes are replaced by controlled
weirs with a reduced bottom sill (in order to retain the same
flow capacity) (stage 5). However if the breadth of the con-
trolled weirs is doubled (stage SS6), the polders are being
filled too fast (in combination with the reduced bottom sill),
which causes the effect of backflow to re-emerge. Thus stage
6 would be excellent with regard to small floods, but it would
fail more often during rare large floods.
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Focussing on the affected inhabitants the differences be-
tween measures are similar but the spatial distribution of
damages changes according to the structure of land use. Sim-
ilar effects were estimated when the number of affected per-
sons is selected instead of economic damages. The flooded
area determines both criteria. However, a slight difference
can be seen in system stage 3, which is the best for both low
and high return periods with regard to social damages. This
is explained by the difference between both criteria: flooded
industrial sites or business areas have a large impact on eco-
nomic damages, whilst a flooding of residential areas has a
larger impact on the number of affected inhabitants. It can be
shown that the increase in the performance (displayed as a re-
duction in risk) of stage 3 results from a reduction of flooded
industrial and business sides which is considered in the eco-
nomic criteria. The differences in landuse of the flooded ar-
eas is also the cause of discrepancies between stages for low
return periods. It became evident that floods with low fre-
quencies have more impact on residential areas than floods
which occur more often.

4 Summary and conclusions

The shift from a safety oriented planning towards risk aware-
ness demands consideration of the variety of hydrological
processes. Instead of focussing on one specific event which is
used as a design flood it becomes necessary to pay attention
on the large amount of possible realisations of flood events
within one river basin. However, it is essential to specify the
possibility of these events. It is not sufficient to concentrate
on worst cases or extremely maximized events only. An es-
timation of probabilities of such events is essential. Unfortu-
nately the data bases are in general insufficient to specify the
variety of possible realizations of flood conditions, especially
in large river basin. Thus simulation tools have to be applied.
The results of long term simulations can be interpreted as a
characterization of natural variabilities. However, the large
number of assumptions which are included in complex sim-
ulations reduce the statistical meaning of the results. To con-
sider the differences between statistical descriptions based on
measured data and statistics which were derived from sim-
ulated data, imprecise probabilities were introduced, which
were specified with fuzzy numbers to provide measures of
possibilities. Triangular fuzzy numbers were used to spec-
ify the additional characteristic “possibility” as a degree of
membership of a flood scenario to the set of events with the
same return period of the flood peak. A fuzzy approach was
also applied to specify the uncertainties of weightings, which
have to be defined by decision makers according to their pref-
erences. In the developed planning system the following ex-
tensions with regard to a risk oriented planning were realized.

– a large variety of flood events, differing in size, vol-
ume, shape of the flood waves and spatial distributions
of runoff was considered,

– the single flood scenarios were characterized by multi-
ple probabilities, which were summarized by two cri-
teria, the return periods of the flood peak (which is the
common approach) and a new measure of possibility,
which was derived from multivariate statistical analy-
ses,

– the measures of possibility were interpreted as impre-
cise probabilities and described with triangular fuzzy
numbers,

– the fuzzy numbers represent the variety of possible
outcomes of flood events, which can be compared to
demonstrate the effects of single measures,

– the inundated areas, damage functions and landuse in-
formation were combined to specify the resulting dam-
ages,

– a fuzzy approach was used also in the MCDM-tool
(Fuzzy AHP), which was applied to integrate criteria.

In this study it was shown that a detailed analysis of op-
tions and limitations of complex flood control measures can
provide a firm basis for flood management planning. The
specification of remaining risks should not only consider that
planned flood control structures may fail, but also the risk of
additional negative consequences, caused by these measures
in case of overloading their capacities under unfavourable
hydrological conditions.
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