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Abstract The downstream effects of flood risk mitigation measures and the necessity to
develop flood risk management strategies that are effective on a basin scale call for a flood
risk assessment methodology that can be applied at the scale of a large river. We present an
example of a rapid flood risk assessment methodology for the Elbe River. A 1D hydraulic
routing model is extended by including the effect of planned (regulated and unregulated)
and unintended retention (dike breaches) on the peak water levels. We further add an
inundation model for dike breaches due to dike overtopping and a macroscale economic
approach to assess the flood damage. The flexible approach to model the effects of mea-
sures by means of volume storage functions allows for rapid assessment of combinations of
retention measures of various proposed dimensions and at multiple locations. The method
allows for the comparison of the flood risk at the scale of the main river trajectory, which
has not been possible for the Elbe River to date. The model is applied to a series of
exemplary flood risk mitigation measures to show the downstream effects and the additive
effects of combinations of measures on the flood risk along the river. We further dem-
onstrate the increase in the downstream flood risk resulting from unilateral decisions to
increase the dike height at upstream locations. As expected, the results underline the
potential effectiveness of increased retention along the river. The effects of controlled
retention at the most upstream possible location and largest possible extent generate the
most pronounced reduction of average annual damage. As expected, the effect of uncon-
trolled retention with dike relocations is significantly lower.
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1 Introduction

During the flood catastrophe of August 2002, the Elbe River and its tributaries were
heavily affected in terms of damage (IKSE 2004a). Efforts to improve flood risk man-
agement have increased as a result (Petrow et al. 2006). For example, the International
Commission for the Protection of the Elbe (IKSE) formulated a flood action plain (IKSE
2004b), in which potential measures such as the reactivation of retention capacity in the
floodplains, increased storage capacity in upstream reservoirs, improvement of the existing
river dikes, and flood preparedness are proposed. Within the concept of integrated flood-
plain and river basin management, it is not only the reduction of flood risk that guides the
future development of the floodplains. Other goals to be taken into consideration are, for
example, the restoration of the ecological function of floodplain habitats, the improvement
of the nutrient retention capacity of the floodplains or the capacity of the river as an
important waterway for transport.

The Elbe pilot Decision Support System or Elbe DSS is an integrated tool aimed to
promote the discussion on integrated river basin management by enabling the analysis and
comparison of different long-term strategies that take multiple river functions into account.
The DSS is described in detail by De Kok et al. (2008) and Berlekamp et al. (2005). In
order to take into consideration the inherent trade-offs between goals and possibly con-
flicting interests of different stakeholders, the effects of different interventions on different
goal indicators such as flood risk have to be considered simultaneously. This article reports
on the approach chosen to integrate a rapid flood risk assessment approach into this model
system. The application in an interactive decision-support system (DSS) calls for flexible
models that are easy to set up and adapt to changing user demands. Comprehensive 2D
hydrodynamic models are well able to capture the dynamic aspects of a flood, but the data
requirements and computational load make these models less practical for application in a
large-scale risk assessment, particularly when multiple scenarios have to be analyzed and
compared interactively, for example during sessions with stakeholders (Apel et al. 2000).
An ongoing development is the application of 1D models combined with volume storage
functions derived from GIS analysis for large-scale risk assessment (De Roo et al. 2000;
ICPR 2001; Zerger 2002; Forster et al. 2005; Knebl et al. 2005; Apel et al. 2006; Lin-
denschmidt et al. 2006), but the majority of these studies pertain to only a small section of
the whole river trajectory. As the intention of the Elbe DSS was to apply existing models as
much as possible, the choice was made for an existing 1D hydraulic model as the basis for
large-scale flood risk assessment.

The large extent of the Elbe floodplains and the absence of any previous economic
evaluation at the scale of the river required the development of an innovative rapid
assessment approach. We therefore combine the 1D model with a macroscale approach for
damage assessment that is based on the method originally developed for assessing flood
risk for the Rhine Flood Action Plan and Rhine Atlas (ICPR 2001). Macroscale approaches
have been used for risk assessment on a large scale with scarce data in several studies
(Penning-Rowsell et al. 2003; Meyer and Messner 2005; Messner et al. 2007). See Meyer
and Messner (2005) and Messner et al. (2007) for a review of applications. Of the federal
states along the Elbe, the State of Sachsen has recommended a damage assessment method
which is also based on the Rhine Atlas Method (LTV 2003). The state of Mecklenburg
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followed a different approach, which is an adaptation of the so-called German mesoscale
approach (Messner et al. 2007). This approach was also recommended for flood risk
assessment along the Elbe River in the IKSE Action Plan (IKSE 2004b), but it has not been
elaborated since. An abridged version of this approach has also been used by Forster et al.
(2005) for their assessment of the mitigating effects of a number of large retention polders
at the mouth of the Havel River. Other federal states do not give a recommendation for a
river flood damage assessment method. Currently, efforts are under way to further improve
the basin scale analysis of the flood risk in the Elbe River (e.g., VERIS Elbe 2008).

The aim of this article is to examine the usefulness of the combined flood risk
assessment approach, which has been used in the Elbe DSS. This approach comprises four
steps: the generation of artificial flood events based on statistical analysis of hydrological
data, the routing of the flood event along the river including the effect of controlled
retention and dike breaches, inundation modeling, and modeling of the expected damage.
We demonstrate possible applications of the method by analyzing various risk mitigation
measures discussed in the IKSE action plan as case examples. The measures consist of
various combinations of dike heightening and operation of (un)controlled retention polders
along the river.

This article is organized as follows. Section 2 introduces the study area and the risk
mitigation measures that we consider. The methodology is outlined in Sect. 3. We begin
with the routing of flood events and inundation model, followed by a presentation of the
approach for flood damage assessment. The outcomes of the flood risk assessment are
presented in Sect. 4. The article ends with the conclusions section, elaborating on the
effectiveness of measures, potential bottlenecks of the method, and room for future
research.

2 Case study description

The German part of the Elbe catchment (Fig. 1) covers an area of 97,175 km? and has
18.5 million inhabitants. The Elbe River has characteristics of a lowland river with large
floodplains downstream of Dresden. Approximately 80% of the floodplains along this river
stretch are protected by dikes. The generally desired design standard for dikes protecting
settlements is a recurrence interval of 100 years plus a 1 m freeboard. Protection standards
in rural areas are generally lower, for example LTV (2003) recommends a recurrence
interval of 25 years for single buildings and infrastructure, and 5 years for agricultural
areas. In 2000, over 470 km of dikes required maintenance (IKSE 2004b). The actual
freeboard varied between —1.70 and +1.30 m. The flood of August 2002 was due to
extreme rainfall in the Elbe catchment, and was estimated to have resulted in 6.2 billion €
damage in the state of Sachsen, 1 billion € in Sachsen-Anhalt, 0.2 billion € in Brandenburg,
0.2 billion € in Niedersachsen, 0.04 billion € in Mecklenburg Vorpommern, and 0.004
billion € in Schleswig-Holstein (IKSE 2004a). Twenty-one dike breaches occurred along
the Elbe River. The peak discharges in the Elbe River during the flood are estimated to
have had a recurrence interval of 200 years (IKSE 2004b). The technical condition of
about 45% of the 1,200-km long Elbe dikes was considered to be insufficient (IKSE
2004b). This partially explains the large number of dike breaches. To what extent upstream
dike breaches lowered the downstream water levels is not known exactly, but it can be
assumed that some areas escaped inundation in this way (Apel et al. 2006). The purpose of
the IKSE action plan (IKSE 2004b) is to develop a comprehensive flood risk management
strategy for the river. The proposed measures include amongst others, reactivation of the
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retention capacity along the river floodplains and reconstruction of dikes to the desired
safety standard. Dike shifting has been proposed and discussed mainly as a nature con-
servation measure (cf. Meyerhoff and Dehnhardt 2007), but realignment may also prove
beneficial by shortening the dike line. Since the flood of 2002, both the IKSE and the
German federal states have commissioned a series of studies to evaluate potential sites for
dike relocations and retention polders (Fig. 1).

The number, exact location, area, and retention volume of potential sites are the subject
of public debate and constant review. Within the Pilot Elbe DSS, the proposed sites and
dimensions from four data sources were included (Merkel et al. 2002; Thringer et al. 2003;
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Fig. 1 Map of the study area showing the location of the potential retention areas
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IKSE 2004b; Forster et al. 2005). In the case of divergent information on dimensions for a
site, the larger alternative was chosen for this study.

For analytical purposes, this article concentrates on six combinations of measures (see
Table 1), which were chosen to illustrate the magnitude of effects that could be achieved.

The strategies are compared to the baseline scenario that describes the status of the flood
protection system for the year 2000 (IKSE 2001). Recent improvements of the dikes since
the flood are not included in the database. The first strategy looks at effects of dike
heightening, the following two strategies compare retention effects of dike relocation
measures of different magnitude, and the last three strategies compare the retention effects
of controlled polders of different magnitudes and locations.

Strategy D S+1: implementation of the design standard of a 100-year recurrence
interval with an additional freeboard of 1 m for all dikes in Sachsen for which this pro-
tection standard is stated. The total length of the modified dikes is 60 km in the river
stretch between Elbe km 60 and 180. The purpose is to compare the upstream damage with
possible increases in the flood damage downstream.

Strategy DR I: dike relocation (uncontrolled operation) of all 60 potential sites is
included in the database irrespective of their designation for dike relocation along the river
stretch Elbe km 117-536. The total floodplain area is 34,658 ha with a storage capacity of
738 million m®. The purpose is to examine the potential effects of a dike relocation pro-
gram which is much larger than the 15,000 ha analyzed in Merkel et al. (2002) or
otherwise currently under discussion.

Strategy DR II: dike relocation (uncontrolled operation) of the 33 potential sites
identified in the IKSE action plan (IKSE 2004b) in the river stretch Elbe km 120.5-536.
The total area is 9,432 ha with a storage capacity of 251 million m>. The purpose is an
assessment of a flood risk mitigation program of a realistic dimension as is currently being
discussed.

Strategy POL A: controlled operation of all the 31 potential sites for retention polders
identified in IKSE (2004b) along the river stretch Elbe km 117427 with a total area of
25,576 ha and a total storage capacity of 494 million m>. The polders in Sachsen-Anhalt
are dimensioned according to Thringer et al. (2003) and the polders on the Havel are
included and dimensioned according to Forster et al. (2005). The purpose is an assessment
of the hypothetical maximum attainable damage reduction through the retention effect.

Strategy POL P: controlled operation of only the largest five potential sites for retention
polders identified in Ihringer et al. (2003) near Prettin-Mauken, Elbe km 180, with a total
area of 4,557 ha and a storage capacity of 138 million m>. The purpose is to assess the
contribution of the largest upstream sites to the maximum attainable damage reduction of
alternative POL A.

Table 1 List of the risk mitigation strategies that were compared

Strategy Type River stretch (Elbe km) Capacity or magnitude
DS+1 Dike heightening 60-180 +1 m along 60 km
DRI Dike shifting 117-536 738 million m*

DR II Dike shifting 120.5-536 251 million m®

POL A Controlled retention 117427 494 million m>

POL P Controlled retention 180 138 million m*

POL H Controlled retention 427 112 million m*
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Strategy POL H: controlled operation of the eight existing retention polders at the
mouth of the River Havel near Elbe km 427 with a total area of 9,909 ha and a capacity of
112 million m3. The purpose is to illustrate the effect of a set of major retention polders in
the middle reaches.

3 Methodology

The approach is based on four consecutive steps: generating flood events, modeling dike
overtopping and inundation, flood damage assessment, and assessment of the flood risk
(Fig. 2).

3.1 Generating flood events

Due to limitations in the availability of quality discharge data, the large-scale risk analysis
in the Elbe DSS takes an artificial flood event at the gauge station of the city of Dresden,
56 km downstream of the Czech-German border, as the starting point. Daily average
discharge data for the gauge stations of the Elbe River have been collected since 1853 and
were subject to a detailed statistical analysis (Helms et al. 2002a, b) aimed at the
regionalization of the hydrological parameters along the German section of the river. For
longer time periods (e.g., 1936-1995, 1903-1995), the data quality was considered
insufficient due to human modifications to the river and changes in the basin hydrology
(Helms et al. 2002a). Instead, for the period 1964—1995, the more reliable and hydro-
logically consistent discharge data have been used. A regionalized flood frequency analysis
of these data resulted in longitudinal sections for the yearly peak discharges along the river
stretch Elbe km 0-536 (Helms et al. 2002a). The 1964-1995 flood frequency analysis has
also been used to generate an artificial flood event with a 100-year recurrence interval for
the gauge station at Dresden (Merkel et al. 2002; Helms et al. 2002b).

Generating artificial
flood event Dresden
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Fig. 2 Methodology for flood risk assessment

@ Springer



Nat Hazards (2010) 52:143-166 149

In order to obtain the flood events with a different recurrence interval, the discharge
values for the 100-year event are rescaled on the basis of the ratio of the peak discharges.
This is justified by the fact that the peak discharge is the most relevant parameter for dike
overtopping and inundation. There exist also a number of major tributaries along the Elbe
River, the outflows of which play an important role. The generation of consistent discharge
data for the tributaries is a hydrological challenge beyond the scope of the pilot DSS.
Therefore, the contributions of the three main tributaries, the Schwarze Elster, the Mulde,
and the Saale, have been generated artificially corresponding to the statistical analysis of
the Elbe data (Helms et al. 2002a) and are rescaled proportionally to the discharge for the
main channel.

In order to route the flood hydrographs downstream along the main channel, the German
Federal Institute of Hydrology developed the 1D translation—diffusion model ELBA
(Frohlich 1998; Busch et al. 1999). This empirical model was developed for quick routing
of flood events along rivers such as the Elbe River. The model has been calibrated for
seven sections along the Elbe River. In the model, three discharge regimes are distin-
guished, which can be superimposed. The hydrograph is separated into 1 h pulses, which
are multiplied with a dimensionless system function for routing along the river sections:

(ut — x)*

h) = 4Dt

L
exp ; (1)
2t/ Dt

where h(?) is the system function, L is the length of the modeled river section in km, u is the
translation coefficient in km h™?!, D is the diffusion coefficient in km? h’l, and ¢ is the time
step in hours. The model parameters were determined for the seven river sections in the
trajectory downstream of Dresden for three discharge regimes. For parameter values, we
refer to Helms et al. (2002b).

3.2 Inundation modeling

The peak water levels in the main channel were determined by means of stage—discharge
relationships which are available every 500 m. These have been determined with the 1D
steady-flow hydraulic model HEC-6 (Otte-Witte et al. 2002) for discharge values up to the
peak discharge with a recurrence interval of 100 years. The functions have been extrap-
olated to cover discharges with a recurrence interval in the range of 100 to 1,000 years.
The information on the dikes is based on the 2001 status report on the Elbe dikes (IKSE
2001), which comprises the design flood recurrence interval and an additional freeboard
value for each dike section. GIS analysis was used to generate a georeferenced map of the
positions of each dike section (Jankiewicz et al. 2005). The dike segments and floodplain
area were allocated to the river kilometrization for every 100-m stretch of the main channel
using the closest distance function. The dike height above sea level was derived from the
water level corresponding to the design recurrence interval plus the given freeboard. This
approach was chosen to calibrate the dike heights to the river kilometrization and the
corresponding discharge—stage functions. The wide floodplains of the lowland Elbe are
compartmentalized into areas protected by dikes and natural areas of high ground. Seventy-
one compartments of the floodplain with corresponding dike segments on both sides of the
river were delineated by extrapolating the water level corresponding to a 200-year peak
discharge from the main channel into the floodplain. While the compartmentalization is
obvious for many areas, in the very wide floodplains in the vicinity of confluences with
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tributaries such as the Havel, the compartmentalization is more difficult to implement
because the barrier effects of structures such as road embankments are unclear.

In the case of overtopping of the dike, the most upstream overtopped dike cell with the
lowest recurrence interval is assigned as the overtopping location for the inundation of the
protected area. In view of the computational efficiency, the inundation process is not
modeled within the Elbe DSS but determined on a 100 x 100 m grid by means of pre-
computed volume storage functions. The flooding volume depends on the water level in the
main channel, the inflow rate at the location of the dike breach, and the capacity of the
protected area, and is directly translated into inundation depths, using the volume storage
functions and the available elevation data (BKG 2003). The inundation depths in the areas
of the floodplains not protected by dikes are determined directly from the water level and
elevation data.

The probability of a dike breach due to overtopping depends on the duration of the
overtopping and the overtopping height (Apel et al. 2006; Kamrath et al. 2006). Analysis of
the dike failure probability for the Rhine river (Apel et al. 2006) showed that this prob-
ability approaches 100% in the case that the overtopping time is more than a few hours
and/or the overtopping height exceeds 10 cm. Here, the flood events are described with a
1-day time step and it is assumed that these conditions are met for all dike overtopping
locations, with a dike breach as certain consequence.

The effect of dike overtopping on the downstream peak water levels is included in the
analysis. This makes it possible to analyze flood events at the scale of the complete
modeled trajectory. The retention effect of dike overtopping instances on the downstream
peak discharges is relevant. For example, in the case of a mean inundation depth of 2 m,
the stored flood volume in the floodplain protected by dikes can exceed 100 million m?,
which is an order of magnitude larger than the capacity of most proposed retention polders
(see Sect. 2). For a large-scale risk analysis, it is therefore essential to include this effect if
one wishes to compare the potential damage between different locations and consider the
analysis as an event at the river scale.

In order to include the consequences of the potential dike failures on the peak dis-
charges in the main channel, the shape of the flood event is corrected by assuming an
inflow based on the simple weir overflow equation (Chen 1995):

Jinflow = %B(zg)1/2h3/27 (2)
where ginfiow 1S the inflow rate in m> s~!, B is the width of the dike breach in m, g is the
gravitational acceleration in ms 2, and / is the head difference in m between the water
level in the main channel and the lowest point of the dike breach, which was assumed to
follow the overtopping. During the 2002 flood, the dike breaches that occurred along the
Elbe River varied in size between 20 and 200 m, with the most frequent value being ca.
20 m. A log-normal distribution with a mean of 64 m was fitted to dike breach width data
for the Elbe 2002 flood from Gocht (2002) and Horlacher et al. (2005), and this mean was
used for all dike overtopping locations. Apel et al. (2004), on the basis of case reports,
assume that the range of breach width on the lower Rhine is 100400 m, whereas Kamrath
et al. (2006) assume a breach width ranging from 50 to 150 m. A standard value of 3 m
was used for the head difference, approximating the lowest dike height according to the
IKSE tables (IKSE 2001).

Within the Elbe DSS, the effects of three types of flood risk mitigation measures can be
modeled (Table 1). The first is the heightening of dikes by section and the other measures
are reactivation of the floodplain retention capacity by dike relocation or the construction
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of flood retention polders. Both retention options are conceptualized as retention polders
with the difference that the flooding process of dike relocations is uncontrolled, whereas
the retention polders are flooded in a controlled way. In the first case, the retention polders
are considered to be always open and flood freely with the rising flood wave up to the
maximum capacity. In the case of controlled operation, the polders are assumed to be
opened at the optimum time to lower the peak discharge to the maximum extent possible.
The effect of retention polders on the peak discharges in the main channel is modeled in a
way similar to the modeling of the dike breaches with the help of volume storage functions.

3.3 Damage assessment

The damage assessment is based on a modification of the method that was originally
developed for assessing the flood risk for the Rhine Flood Action Plan and Rhine Atlas
(ICPR 2001). Key characteristics of this method are (a) the application of relative damage
functions and (b) a macroscale approach for describing the value of elements at risk.
Relative damage functions describe the flood damage as a percentage of the value of the
element at risk as a function of the inundation depth. In contrast to object-oriented
approaches, macroscale damage assessment methods are characterized by a very high level
of aggregation of the data describing both the spatial distribution and the value of the
elements at risk. We use the CORINE land cover data (EEA 2002), which were derived
from remote sensing data, to characterize the spatial distribution and data from national
accounting to estimate the value of the elements at risk. While details will be presented
below, the principle of the macroscale method is that the total values of the elements at risk
for an administrative region are divided by the area of the corresponding land use class in
that administrative area to derive the specific value densities. The method thus makes the
implicit assumption that the values of elements at risk are completely homogeneous
regarding their characteristics and distribution within the corresponding land use class.

For the implementation of this approach, a selection of elements at risk to be considered
has to be made and three harmonizing sets of data have to be generated: (a) the value
density of each element at risk, (b) a map of the spatial distribution of the elements at risk,
and (c) a specification of the damage functions describing the damage as a function of the
inundation depth. Because we apply the damage functions developed for the Rhine Atlas
Method directly, we develop new estimates of the specific value densities on the basis of
statistical data for the former East German federal states of Thiiringen, Sachsen, Sachsen-
Anhalt, Brandenburg, and Mecklenburg. The reason is that no effort has been made to date
to develop the value densities required for the application of this method for the East
German states. The specific value densities can be expected to diverge from the Western
German values because of the post-socialist transformation of the regional economy in
Eastern Germany. We further compare our method with four alternative adaptations of the
Rhine Atlas methodology to the Elbe River Basin in order to give some indication of
variability of results associated with different possible implementations of the method. The
considered elements at risk and the corresponding CORINE land use classes, value den-
sities, and damage functions of all the damage assessment approaches are summarized in
Table 2 and discussed in more detail below.

The classification of the elements at risk follows the classification of stocks and flows
typically accounted for in the expenditure approach of national accounting. The expen-
diture approach measures the total expenditure on final goods and services produced in the
domestic economy within a year. A stock variable is measured at one specific time and
represents a quantity existing at that point in time, which may have been accumulated in
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the past. The capital stock is the total value of equipment, buildings, inventories, and other
assets in the economy. The stock of capital is increased by the flow of new investment and
depleted by the flow of depreciation. Of all stocks, we only consider the stock of consumer
durables of households, tangible fixed assets (constructed assets, and machinery and
equipment), and inventories of producers (industrial, commercial, and agricultural sector).
Currently, only information on the stock of tangible assets is available from the official
statistics (Statistisches Bundesamt 2003), so that separate estimates for consumer durables
and inventories had to be made. The data on tangible fixed assets are subdivided into
constructed assets and machinery and equipment. Constructed assets are further subdivided
into buildings and traffic infrastructure, and machinery and equipment are further subdi-
vided into machinery, equipment, and vehicles. In addition, we developed estimates of the
stock of consumer durables, the inventories (or standing crop) of the agricultural sector
(livestock, grassland, arable land, forest) and the inventories of the commercial and pro-
ducing sector. For all value estimates, the net concept is applied, which means that the
consumption (depreciation) of fixed capital accumulated since the time of investment is
deducted. The net concept is the correct concept for flood damage assessment because the
damage to the economy would be overestimated if full replacement (or gross) values are
used (Penning-Rowsell et al. 2003).

We used data on the net value of fixed assets at the level of the federal states (Statis-
tisches Bundesamt 2003). The value for constructed assets are subdivided into buildings and
traffic by assuming a specific net value of 50 € m™~2 for traffic (road and railway) infra-
structure (cf. Meyer 2005) and attributing the remaining asset value to building stock. The
values for machinery and equipment and vehicles of the producing and commercial sector
are split according to the shares taken from the statistical data for Germany (Statistisches
Bundesamt 2005a). According to these data, the share of vehicles is 22% of the total
machinery and equipment. Of the residual, 85% is allocated to the commercial and 15% to
the producing sector. Separate estimates were developed for inventories and consumer
durables based on literature values. The inventories are estimated to be 25% and 15% of the
value of machinery and equipment for the commercial and producing sector, respectively
(cf. Meyer 2005). Livestock, arable crop, grassland, and forest field inventories are valued
using standard values of 1,000 € per head of livestock unit, 600 € ha™! for cropland, 300 €
ha™! for grassland, and 1,000 € ha~! for forest land. The total value of household consumer
durables is calculated using literature values for the net value per residential floor area'
combined with statistical data on total residential building floor area and residential land use
area for each federal state (Statistisches Bundesamt 2005b). This gives an average of 200 €
ha™"' for residential building floor area and 21 € ha™"' for residential land use.

The value densities are calculated from the area of the corresponding cadastral land use
classes and later adjusted to the CORINE land cover classification, which is used to
describe the spatial distribution of elements at risk. The CORINE land cover data (EEA
2002) provide readily available land use information on a 100-m grid derived from satellite
remote sensing and comprises 44 classes of land use. Areas smaller than 25 ha and line
objects wider than 100 m are generalized. For the Rhine Atlas Method, the land use classes
were aggregated into six classes: urban fabric (u), industrial areas (i), traffic areas (t)

! Using a net value of 7500 € per unit from IKSE (2004b) for Eastern Germany and the statistical data on
number of units and total floor area (Statistisches Bundesamt 2005b) yields an estimate of 102 €m 2. Meyer
(2005) uses a net value of 350 €m~~ for Western Germany, ICPR (2001) 392 €m~? for Western Germany.
Adjusted for Eastern Germany using the long-term difference in average annual household expenditures of a
factor 0.82, this yields values of 287 and 321 €m~2. We use an average value of 200 € m™? of residential
building floor area.

@ Springer



154 Nat Hazards (2010) 52:143-166

(airports, harbors, and rail yards), forests (f), arable land (a), grassland (g), and other land
use classes. For the Elbe DSS, the land use is further aggregated into only four flood-risk
relevant classes with the following percentage cover in the area at risk considered in the
model: land with buildings (urban fabric, industry, and traffic) (9.1%), grassland (59.2%),
arable cropland (10.2%), and forest (19.5%). The allocation of the elements at risk to these
land use classes is summarized in Table 2.

The value densities are calculated by first dividing the total value of elements at risk by the
area of the corresponding cadastral land use classes from the official statistics (Statistisches
Bundesamt 2004). The elements at risk associated with residential housing, commercial,
industrial, and traffic sectors are divided by the respective cadastral land use area. We
consider the aggregate of residential and commercial land use classes as urban fabric. These
values are corrected to account for the relative share of these land use classes in the aggregated
CORINE land cover class they correspond to. The scale factor is 0.75 for built up areas (urban
fabric, industrial, and traffic) of which the share of residential land use is roughly 60% and of
commercial and producing sectors is roughly 40%. The scale factor for linear traffic elements
as a share of the total area share is 0.04 and 1.00 for all other land uses.

We compared our method with four slightly different methods of adapting the Rhine
Atlas Methodology to the conditions of the Elbe Basin. These are: (1) application of a
correction factor as described by the Rhine Atlas Method (ICPR 2001) to adjust value
densities from the conditions of Western Germany to the conditions of Eastern Germany~,
(2) the ad hoc adaptation of the Rhine Atlas Method as proposed by LTV (2003) for use in
the federal state of Sachsen, (3) a direct transfer of the values for Western Germany as used
in the Rhine Atlas Method (ICPR 2001) without any adjustment to density values as
compared to Western Germany, and (4) utilization of the specific value densities proposed
in the IKSE Action Plan (2004b) with an adaptation to the CORINE land cover data®. The
value densities and their allocation to the different aggregations of CORINE land cover
data are summarized in Table 2.

The stage-damage functions to determine the percentage damage as a function of the
inundation depth for each value component are also summarized in Table 2. Other factors
describing the flood hazard besides inundation depth, such as velocity, inundation duration,
or contamination with oil or factors influencing the susceptibility of assets, flood proofing,
and disaster preparedness are not considered here (cf. Merz et al. (2004); Biichele et al.
(2006)). The damage functions are taken from ICPR (2001) and are based on a statistical
evaluation of the empirical data on flood damage from the HOWAS database (see Merz
et al. (2004) for a critical appraisal) of around 2,000 damage incidences from flood events
in Germany. The damage functions were estimated separately for buildings and their
content (machinery and equipment plus inventory and consumer durables) and consist of
an evaluation of the damage for inundation depths exceeding the ground floor level of the

2 We use the difference in capital intensity of production measured per employee of a factor of 0.77
between the Eastern and Western German federal states and a difference in average annual household
expenditures of a factor 0.82 factor to adjust property density values for urban and industrial categories. This
procedure further assumes a share of residential land use in the urban fabric of 60%.

3 The specific value density is 225 € m~? for residential land use and 25 €m ™2 for non-residential land use.
We assume a share of residential and non residential land use of 60% and 40%, respectively, in urban areas
and apply a factor of 0.74 m*m? to correct from cadastral to CORINE land use. The value for transport
infrastructure is calculated from 10 €m 2 and a share of transport infrastructure in the total area of 4%. The
value for household consumer durables is calculated from the stated specific value of 7500 € per household
unit as described above. The value of inventories is calculated using the proposed 8% share of total
producing and commercial fixed assets. All other data are taken directly from the source.
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property, a damage maximum, and a choice for the functional form describing the flood
damage for inundation depths in between. Following ICPR (2001), an exponential func-
tional form was chosen for buildings and a linear function for equipment and inventories.

Finally, the total damage (D)) in € per flood event scenario for every 100 x 100 m
grid cell is obtained from

Dtotal - Z Z Z /100 >“Ah,clc * Ve *fclc * Se, (3)

cle=1e=10 h=

where Ay, ¢ is the area (in mz) of land use class clc inundated with a depth of 2 in m, V, is
the specific value density of the element at risk e in € m 2, r(h) is the relative damage at
inundation depth & in %, f,. is the factor to correct the value density of the cadastral
database to CORINE land cover in m” per m”, and s, is the share of the value component in
the total area of the aggregated land use class in m? per m’.

3.4 Flood risk assessment

The damage model was applied to assess the flood damage for individual flood event
scenarios, but it was also used to calculate the expected average annual damage as an
integrated indicator of flood risk. The change in expected average annual damage is the
correct way to estimate the monetary effect of a mitigation measure in a cost-benefit
analysis (Penning-Rowsell et al. 2003, NRC 2000).

In the context of the risk-based approach, flood risk is understood to be the product of
the flood hazard (i.e., extreme events and associated probability) and the resulting damage.
Ideally, a flood risk analysis should take into account all relevant flooding scenarios, their
associated probabilities, and possible damage. From these, both a risk curve, i.e., the full
distribution function of the flood damage, and the annual expectation value of the flood
damage can be derived.

In the Elbe DSS, the flood risk is calculated from a limited number of flood event
scenarios by repeating the damage assessment for a series of flood events with recurrence
intervals of 2, 10, 20, 50, 100, 200, 500, and 1,000 years at the gauge station of Dresden
(Elbe 56 km):

<EADlol> = {(1 _Pl)Dl +- 4+ (Pnfl _Pn)Dn + - +PNDmax}a (4)

where (EADyy) is the expected average annual value of the flood damage in €, P, is the
exceedance probability of the lowest peak discharge causing flood damage with a recurrence
interval of 2 years, P, is the exceedance probability of flood event with a recurrence interval
of n years, D,, is the corresponding total flood damage in €, and D;;,, is the maximum flood
damage for event N (a 1,000-year event). Since this approach requires repeating the calcu-
lations for a series of flood events, it is necessary that the damage assessment is carried out
with a rapid hydraulic model, if it is to be included in a DSS framework.

4 Results
4.1 Comparison of the damage assessment methods

First, we compared the estimates for the potential total damage for the five variations of the
damage assessment methodology (see Sect. 3.3). For this purpose, we used the water levels
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Table 3 Comparison of the potential total damage estimate for five variants of the macroscale damage
assessment method for a water level corresponding to HQ 200

(1) DSS (I) IKSR-adj (III) LTV (IV) IKSR-unadj. (V) IKSE
Million € 3706 5346 4488 6642 2487
Million € per ha® 0.013 0.019 0.016 0.023 0.009

2 Inundated model area is 2,866 km?

corresponding to a HQ 200 peak discharge along the trajectory and extrapolated these into
the floodplains under the assumption of absence of the dikes. The results of this com-
parison are shown in Table 3.

The total damage estimate varies by a factor of 2.2 and ranges between 2,480 and 6,640
million €. The distribution of the flood damage over the inundation depth classes follows a
similar pattern for all variants. The total flooded area is 286,648 ha. This yields an average
damage of 0.01 to 0.02 million € ha™'. This estimate is low compared to the estimate of
roughly 7,607 million € (IKSE 2004a) total damage in the German part of the Elbe Basin in
the year 2002 which, for an inundated area of approximately 300 km?, corresponds to an
average damage density of 0.25 million € per ha. A comparison of the contribution of the
damage categories to the total damage is presented in Table 4. These are compared to the
relative shares reported for Sachsen and Sachsen-Anhalt for 2002 (IKSE 2004a).

The predominance of damage to buildings and their content with shares of total damage
between 70% and 95% is reflected in all model approaches and the observed damage. In
comparison to the observed damage, the model results underestimate the damage to traffic
infrastructure and do not consider the damage to the flood protection system.

We conclude that the estimate we developed from the available statistical data yields
results that are of a similar order of magnitude compared to the ad hoc approaches of LTV
(2003) and the method of adjustment proposed by the ICPR (2001). The uncorrected
transfer of data from Western Germany yields higher damage because higher values are
assumed for all fixed asset categories and the adjustment proposed by the IKSE yields
lower values because lower values are assumed.

4.2 Flood risk in the baseline scenario

Next, we present results for the analysis of flood damage along the river trajectory for the
baseline scenario without measures for flood events with various recurrence intervals
(Fig. 3).

Table 4 Comparison of the contribution of the damage by category as a percentage of the total flood
damage for three variants of the macroscale damage assessment method for a water level corresponding to
HQ 200

SN 2002° ST 2002* (I) DSS (II) IKSR-adj (I LTV

Urban 59 30 82 94 96
Infrastructure (traffic) 14 50 13 3 3
Agriculture and Forestry 1 9 5 3 1
Emergency management 2 1 - - -
Infrastructure (flood protection) 24 10 - - -

* For comparison: share of total damage in Sachsen (SN) and Sachsen-Anhalt (ST) for the Elbe Flood of
2002 (IKSE 2004a)
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Fig. 3 Flood damage by river section for flood events of an increasing recurrence interval (baseline
scenario)

The baseline scenario is based on the existing dike heights, the distribution of elements
at risk in the inundated areas, and the effects on peak water levels of dike overtopping
upstream of the specific site. Comparison of the damage for flood events of increasing
recurrence intervals along the river trajectory leads to two observations. In river sections
where damage occurs already for flood events with a recurrence interval lower than 100
years, we find concentrations of elements at risk that are not protected by dikes. We find
this damage to be high especially in the vicinity of Magdeburg (km 300-350), Dessau
(km 200-250) and Bleckede (km 500-550). Furthermore, the model results point to sec-
tions, where the risk of damage by a dike breach is high. These are the sections that show
pronounced higher damage resulting from flood events with a recurrence interval of more
than 100 years. We find that the river sections between km 100-150 and km 150-200
above Dessau and km 450-500 in the vicinity of Wittenberge have the highest flood risk
emanating from a dike breach. This is in line with the expectations and the river stretches
that were at risk during the 2002 flood event along the Elbe River.

The volume of water diverted by a dike breach is an important determinant of both the
damage at the breach site and the damage at downstream sites, because the retention effect
reduces the downstream peak water levels. A sensitivity analysis for various widths of dike
breaches demonstrates this (Table 5). While the number of dike breaches remains constant,
the total flooded inner dike area, the mean inundation depth, and the resulting damage
increases significantly with larger width.

4.3 Effects of mitigation strategies

Next, we compared the effectiveness of various risk mitigation strategies on the peak
discharge, the number of overtopped dike segments, and the average annual damage.
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Table 5 Analysis of the effects of variations of the width of dike breaches on model results (for a flood
event with recurrence interval of 200 years)

Dike breach width (m)

20 50 100 200
Number of overtopped dike segments 13 13 13 13
Total flooded inner dike area (km?) 192 292 359 404
Mean inundation depth inner dike areas (m) 1.6 2.0 2.9 49
Damage in inner dike area (million €) 168 259 438 765
Total damage (million €) 352 451 629 956

Figure 4 shows the peak discharge along the river trajectory for the baseline scenario
and the different strategies (see Sect. 2) for a flood event with a recurrence interval of
500 years. Previous analyses (Helms et al. 2002a) already demonstrated the retention effect
of dike relocations on the water levels along the Elbe River to be significantly lower in
comparison to the retention effect of polders with controlled operation. Implementing the
design standard of a 100-year recurrence interval with an additional freeboard of 1 m for
all dikes in the upstream state of Sachsen causes a small increase in the peak discharge,
because the retention effect of dike breaches in Sachsen is lost.

500-year flood at Dresden (Elbe km 55.6)
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Fig. 4 Effects of the assessed mitigation strategies on the peak discharges along the river trajectory for a
flood event with a recurrence interval of 500 years. The discharge curve for the DR I and DR II measures is
not distinguishable from the baseline scenario

@ Springer



Nat Hazards (2010) 52:143-166 159

Table 6 gives a summary of effects of the flood risk mitigation strategies in terms of the
avoided average annual total damage in comparison to the baseline scenario for areas
protected by dikes and those not protected by dikes.

The number of overtopped dike segments and the damage for flood events with
increasing recurrence intervals for the different management options are shown in Figs. 5
and 6, respectively. In Fig. 7, the distribution of the avoided annual average damage along
the river is shown.

In terms of overall performance, the maximum reduction of the expected annual flood
damage (EAD) is achieved by the controlled operation of the maximum potential of retention
polders (POL A). This option significantly reduces the number of dike overtoppings and the
associated damage for flood events with higher recurrence intervals (Figs. 5, 6). The
reduction of the average annual damage is highest for the sections that have less areas
protected by dikes (km 200-250, km 300-350, and km 500-550), but is also observable at
sections between km 150-200 and km 450-500 that are mainly at risk from overtopping
(Fig. 7). Singling out the effect of two major polder groups included in POL A, one located
more upstream (POL P) and one more downstream (POL H) shows that approximately 50% of
the avoided damage of the POL A measures can be traced back to the effect of the upstream
polder group POL P alone (Table 6). The effect of the downstream polder group POL H on the
flood risk in the downstream sections km 400-450, km 450-500, and km 500-550 is similar
to that of the upstream polder group POL P.

Furthermore, the avoided annual average damage is, as expected, lower for the two dike
relocation programs with uncontrolled retention. The dike shifting projects DR I (large
scale option) and DR II (small scale option) do not reduce the frequency of dike over-
topping (Fig. 5). The lack of an effect of uncontrolled retention on the peak discharge was
already reported for the Elbe River (Helms et al. 2002b) and this study confirms this for
even larger scale dike shifting projects such as DR 1. However, an effect for flood events
with lower recurrence intervals than 100 years can be shown for the dike shifting strategy
DR I, which benefits especially those river sections that are to a lesser extent protected by
dikes. The average annual damage for the small scale option (DR II) is not significantly
reduced compared to the baseline scenario.

Raising the dikes in Sachsen to the protection level of a 100-year return period with an
additional freeboard of one meter (D S4-1) reduces both the number of dike overtoppings
and total damage (Figs. 5, 6). Even though the number of reduced overtoppings is quite high
in comparison to the other strategies, the total effect on avoided damage is not as large,
because the areas protected do not contain large areas with high property value densities. A
more detailed analysis of the effects along the complete river trajectory reveals that the
damage reduction in the upstream sections is reduced at the cost of a slight increase of the
flood damage downstream in river section between Elbe km 300-350 and km 400-500

Table 6 Avoided annual average damage (in million €) of the assessed mitigation strategies

Measure

D S+1 POL A POL P POL H DR 1 DR II
Protected by dikes 0.39 5.82 3.94 0.00 1.89 0.00
Not protected by dikes 0.00 20.15 9.44 1.36 3.82 0.64
Total 0.39 25.96 13.38 1.36 5.71 0.64
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Fig. 5 Effect of the assessed mitigation strategies on the number of overtopped dike segments for flood
events with increasing recurrence intervals

(Fig. 8). This effect is more pronounced, when a lower dike breach width with resulting
lower unintended retention in the vulnerable middle reaches are assumed.

5 Conclusions

The need to obtain insight in the downstream effects of flood risk mitigation strategies and
necessity to develop flood risk management strategies that are effective at a basin-level
scale call for a flood risk assessment methodology that can be applied at the scale of the
trajectory of a large river. Although comprehensive 2D hydrodynamic models are very
useful for in-depth studies for the planning of structural measures or risk assessment at the
scale of individual dike breaches; these models are less suitable for incorporation in an
integrated model network, interactive sessions with stakeholders, or repeated use in, for
example, a Monte Carlo analysis. The Elbe River served as an example to demonstrate the
usefulness of a rapid, GIS-based flood risk assessment methodology. The method allowed
for the comparison of the flood risk at the scale of the main river trajectory, which has not
been possible for the Elbe River to date. The flexibility of the approach enables rapid
assessment of various sets of retention measures of different dimensions and locations.
Whereas previous studies assess the water level reductions by various retention measures
(Helms et al. 2002a), this work analyzes the effects on the flood risk by taking into account
the spatial distribution of the property at risk along the river. Other studies for the Elbe
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Fig. 6 Effect of the assessed mitigation strategies on the flood damage for flood events with increasing
recurrence intervals

River that incorporate flood risk (e.g., Forster et al. 2005) have taken a local approach and
not yet included the possible interactions of measures along the whole trajectory of the
river.

The model was applied to a series of exemplary flood risk mitigation strategies that
were developed from ideas discussed in the IKSE action plan (IKSE 2004b). The down-
stream effects and the additive effects of combinations of measures on the flood risk along
the river can be observed clearly. Furthermore, the results demonstrate the increase of the
downstream flood risk resulting from unilateral decisions to raise the dikes at upstream
locations. As expected, the results underline the potential effectiveness of increased
retention along the German Elbe River. The effects of controlled retention at the most
upstream possible location and largest possible extent generate the most pronounced
reduction of the expected average annual damage. The effect of uncontrolled retention
(dike relocations) is significantly lower. However, the model implementation only con-
siders the retention effects and does not consider the effect on the channel roughness of
dike relocations. This is a topic for further research.

The results of the flood risk assessment have to be interpreted with caution because
several assumptions have to be made. Ideally, a flood risk analysis should take into account
all relevant flooding scenarios, the associated probabilities, and possible damage. From
these, both the full distribution function of the flood damage and the annual expectation
value of the flood damage could be derived, ideally accompanied by uncertainty bounds.
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Fig. 7 Benefits of the assessed mitigation strategies: distribution of the avoided average annual damage
along the river trajectory

Although the role of several uncertainty sources was examined (dike breach width, eco-
nomic framework of analysis), we did not investigate these systematically in a Monte Carlo
analysis. A stochastic approach to model the probability of dike breaches as a function of
water level and the width of the breach (NRC 2000; Apel et al. 2006) would further
enhance the analysis of uncertainty of the inundation process. For recurrence intervals
beyond 200 years, the artificial flood events are based on an extrapolation of the peak
discharge statistics, and the contribution of the tributaries to the discharge was assumed to
be proportional to the discharge in the main channel. A conservative estimate was used for
the parameters for the inflow that follows a dike breach (Eq. 2). The 1D hydraulic model
(Otte-Witte et al. 2002) has been calibrated for discharges up to a 100-year recurrence
interval only, which leads to an underestimation of the peak water levels for higher
discharges. This, however, does not affect the general applicability of the risk assessment
methodology, and the hydraulic model can easily be improved in this respect. For proper
understanding, the hydrological conditions during a flood event should be varied in a
Monte Carlo analysis as well to examine the role of uncertainty. The data that were used
form another source of uncertainty. The dike overtopping locations and inundation patterns
are sensitive to the absolute and relative dike heights, the elevation data for the floodplains
and innerdike areas, and the delineation of the potentially flooded inner dike areas. The
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Fig. 8 Effects of dike heightening in upstream sections of the river on the avoided average annual damage
along the river trajectory assuming average dike breach width of 20 and 64 m

stage-damage functions are subject to uncertainty that is very difficult to estimate (Hoekstra
and De Kok 2008). The development of damage functions has, in general, received much
less scientific attention than the development of models to assess the hydraulic aspects of
flood hazards so that very little is known about the associated uncertainty of the methods
(Merz et al. 2004; Biichele et al. 2006; Apel et al. 2004). The macroscale method, in
particular, is limited by the highly aggregated description of the property elements at risk.
Our comparison of different damage assessment variants indicates that the high level of
spatial aggregation of our method to two land use classes (urban and agricultural) is not as
much a cause for differences in the total damage, as the assumptions that are made with
regard to the value density within these classes. It is unclear to what extent results of a more
detailed damage model would influence the ranking of results at the scale of analysis
presented here. This would be an interesting field for model comparison. Furthermore, the
assessment of damage in areas classified as built-up land, such as promenades, harbors, or
buildings that are outside the areas protected by dikes, proves to be a source of error. The
problem is aggravated by the inherent spatial inaccuracy of the digital elevation model and
the CORINE land cover data. A possible improvement of the model is a separate treatment
of protected and unprotected elements at risk.

When reflecting on the assumptions made and data inaccuracies, it has to be kept in
mind that the key point that matters in economic assessment of flood risk management
options is not so much the absolute magnitude of the flood damage, but rather the extent to
which a proposed plan will reduce that damage (NRC 2000). The results demonstrate that a
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GIS-based rapid flood risk assessment approach can provide information on the relative
dimensions and spatial distribution of the flood risk reduction of different combinations of
measures along the trajectory of a large river. The information that can be generated with a
rapid assessment method helps identifying problems and supporting discussions between
and with riparians on flood risk management strategies that promise to be effective from a
basin perspective and call for more detailed analysis with sophisticated models.

Acknowledgments The authors thank Dr. Y. Huang for useful suggestions with regard to the hydraulic
approach. This research was partially funded by the German Ministry of Education and Science (BMBF)
under project “Aufbau eines Pilot-DSS fiir die Elbe” (FKZ 0339542A) and has been coordinated by the
German Federal Institute of Hydrology (BfG). We kindly thank the BfG and the Institute of Water
Resources Management of Karlsruhe University (IWK) for providing the data and useful recommendations,
and Carsten Spierling and Petra Jankiewicz for collecting and preprocessing the dike data.

References

Apel H, Thieken AH, Merz B, Bloschl G (2004) Flood risk assessment and associated uncertainty. Nat
Hazards Earth Syst 4:295-308

Apel H, Thieken AH, Merz B, Bloschl G (2006) A probabilistic modelling system for assessing flood risk.
Nat Hazards 38:79-100. doi:10.1007/s11069-005-8603-7

Berlekamp J, Boer S, Graf N, Hahn B, Holzhauer H, Huang Y, De Kok JL, Lautenbach S, Maas A, Matthies
M, Van Middelkoop I, Reimer S, Van der Wal KU, Hettrich A, Huesing V, Kofalk S (2005) Aufbau
eines Pilot-Decision Support Systems (DSS) zum Flusseinzugsgebietsmanagement am Beispiel der
Elbe. Abschlussbericht (Design of a pilot decision-support system for river-basin management with the
Elbe river as example—final report), Mitteilung Nr. 10 Projektgruppe Elbe-Okologie. Federal Institute
of Hydrology, Koblenz, Germany. http://elise.bafg.de/?3283

BKG (2003) Bundesamt fiir Kartographie und Geodisie (BKG) Digitales Geldndemodell 1:25.000 des
Elbegebietes—Digital terrain model 1:25.000 of the Elbe river basin, on CD-ROM—ATKIS*
DGM25-D-V. Federal Agency for Cartography and Geodesy, Modified by the Federal Institute of
Hydrology, Frankfurt. http://www.bkg.bund.de

Biichele B, Kreibich H, Kron A, Thieken A, Ihringer J, Oberel P, Merz B, Nestmann F (2006) Flood-risk
mapping: contributions towards an enhanced assessment of extreme events and associated risks. Nat
Hazards Earth Syst 6:485-503

Busch N, Frohlich W, Lammersen R, Opperman R, Steinebach G (1999) Stromungs- Und Durchfluss-
modellierung In Der Bundesanstalt Fiir Gewisserkunde, In: Mathematische Modelle In Der
Gewisserkunde, Stand Und Perspektiven, Beitrdge Zum Kolloquium Am 15./16.11.1998 In Koblenz,
Mitteilung Nr. 19, Bundesanstalt Fiir Gewisserkunde, Koblenz-Berlin, 70-82

Chen WF (1995) The civil engineering handbook. CRC Press, USA

De Kok JL, Kofalk S, Berlekamp J, Hahn B, Wind HG (2008) From design to application of a decision-
support system for river-basin management. Water Resour Manag. doi: 10.1007/s11269-008-9352-7

De Roo APJ, Wesseling CG, Van Deursen WPA (2000) Physically based river basin modelling within a
GIS: the LISFLOOD model. Hydrol Process 14:1981-1992. doi:10.1002/1099-1085(20000815/30)
14:11/12<1981::AID-HYP49>3.0.CO;2-F

European Environment Agency (EEA) (2002) CORINE landcover database. Copenhagen, Denmark.
http://dataservice.eea.eu.int/dataservice

Forster S, Kneis D, Gocht M, Bronstert A (2005) Flood risk reduction by the use of retention areas at the
Elbe River. Int J River Basin Manag 3(1):21-29

Frohlich W (1998) Auswertung der mit dem ELBA-Programsystem berechneten Wasserstands vorhersagen
vom Zeitraum August 1995 bis Dezember 1997 (Analysis of the waterlevel predictions that were
calculated with the ELBA program system for the time frame August 1995— December 1997). Federal
Institute of Hydrology, Koblenz-Berlin, Germany (in German)

Gocht M (2002) Dike breaches and dike floodings at the Elbe and Mulde in August 2002. Final report. Water
& Finance (in German)

Helms M, Biichele B, Merkel U, Ihringer J (2002a) Statistical analysis of the flood situation and assessment
of the impact of diking measures along the Elbe (Labe) river. J Hydrol (Amst) 267(1-2):94—114. doi:
10.1016/S0022-1694(02)00143-9

@ Springer


http://dx.doi.org/10.1007/s11069-005-8603-7
http://elise.bafg.de/?3283
http://www.bkg.bund.de
http://dx.doi.org/10.1007/s11269-008-9352-7
http://dx.doi.org/10.1002/1099-1085(20000815/30)14:11/12%3c1981::AID-HYP49%3e3.0.CO;2-F
http://dx.doi.org/10.1002/1099-1085(20000815/30)14:11/12%3c1981::AID-HYP49%3e3.0.CO;2-F
http://dataservice.eea.eu.int/dataservice
http://dx.doi.org/10.1016/S0022-1694(02)00143-9

Nat Hazards (2010) 52:143-166 165

Helms M, Thringer J, Nestmann F (2002b) Analyse und Simulation des Abflussprozesses der Elbe (Analysis
and simulation of the flow process of the Elbe river). In: Biichele B, Nestmann F (eds) Morphodynamik
der Elbe—Endbericht des Verbundprojekt (Morphodynamics of the Elbe river—final project report).
University of Karlsruhe, Karlsruhe, Germany

Hoekstra AY, De Kok JL (2008) Adapting to climate change: a comparison of two strategies for dike
heightening. Nat Hazards 47:217-228. doi:10.1007/s11069-008-9213-y

Horlacher HB, Bielagk U, Heyer T (2005) Analysis of the dike breaches at the Elbe and Mulde during the
2002 flood in Saxony. Scientific report 2005/09. Technical University of Dresden, Dresden, Germany
(in German)

ICPR (2001) Abschlussbericht. Vorgehensweise zur Ermittlung der hochwassergefidhrdeten Flichen und der
moglichen Vermogenschéden (final report. Approach to investigate the areas at flood risk and potential
economic damage.). International Committee for Protection of the Rhine (ICPR), Koblenz, Germany

Thringer J, Biichele B, Mikovec R (2003) Untersuchung von Hochwasserretentionsmafnahmen entlang der
Elbe im Bereich der Landkreise Wittenberg und Anhalt-Zerbst (Examination of flood retention mea-
sures along the river Elbe in the districts Wittenberg and Anhalt-Zerbst), Studie im Auftrag des
Landesbetrieb Hochwasserschutz und Wasserwirtschaft Sachsen-Anhalt. Institute for Water Resources
Management, Hydraulics and Rural Engineering, University of Karlsruhe, Germany

IKSE (2001) Bestandsaufnahme des vorhandenen Hochwasserschutzniveaus im Einzugsgebiet der Elbe
(Inventory of the existing flood protection level in the Elbe catchment). Internationale Kommission
zum Schutz der Elbe (IKSE), Magdeburg

IKSE (2004a) Dokumentation des Hochwassers vom August 2002 im Einzugsgebiet der Elbe (Documen-
tation of the August 2002 flood events in the Elbe Basin). Internationale Kommission zum Schutz der
Elbe (International Commission for the Protection of the Elbe), Magdeburg

IKSE (2004b) Aktionsplan Hochwasserschutz (Action plan for flood protection). Internationale Kommission
zum Schutz der Elbe (International Commission for the Protection of the Elbe), Magdeburg

Jankiewicz P, Kofalk S, Spierling C, Scholten M (2005) Digitale Erfassung von Informationen zur Héhe und
Lage der Deichkronen an der Elbe (Deutscher Teil) und Aufbereitung fiir hydro-dynamische Model-
lierungen (Digitization of information with respect to the height and position of the dike crests along
the German Elbe and preparation for hydrodynamic modeling). BfG/Projektgruppe Elbe-Okologie,
Mitteilung 9, Koblenz-Berlin. http://elise.bafg.de/?1817

Kamrath P, Disse M, Hammer M, Kongeter J (2006) Assessment of discharge through a dike breach and
simulation of flood wave propagation. Nat Hazards 38:63-78. doi:10.1007/s11069-005-8600-x

Knebl MR, Zang ZL, Hutchison K, Maidment DR (2005) Regional scale flood modeling using NEXRAD
rainfall, GIS, and HEC-HMS/RAS: a case study for the San Antonio river basin summer 2002 storm
event. J Environ Manag 75:325-336. doi:10.1016/j.jenvman.2004.11.024

Lindenschmidt KE, Herrmann U, Pech I, Suhr U, Apel H, Thieken A (2006) Risk assessment and mapping
of extreme floods in non-diked communities along the Elbe and Mulde Rivers. Adv Geosci 9:15-23

LTV (2003) Erstellung von Hochwasserschutzkonzepten fiir FlieBgewidsser. Empfehlungen fiir die Ermitt-
lung des Gefihrdungs- und Schadenpotenzials bei Hochwasserereignissen sowie fiir die Festlegung
von Schutzzielen (Designing flood protection concepts for waterways. Recommendations for the
analysis of the potential risk and damage due to flood events and identification of protection objec-
tives). Landestalsperrenverwaltung Sachsen, Germany. http://www.talsperren-sachsen.de

Merkel U, Helms M, Biichele B, Ihringer J, Nestmann F (2002) Wirksamkeit von Deichriickverlegungs-
massnahmen auf die Abflussverhiltnisse entlang der Elbe (Effectiveness of dike shifting measures on
the discharge regime along the Elbe), In: Nestmann F, Biichele B (eds) Morphodynamik der Elbe,
Schlussbericht des BMBF-Verbundprojektes mit Einzelbeitrédgen der Partner und Anlagen-CD (Mor-
phodynamics of the Elbe river—final report of the BMBF joint project with individual contributions of
the partners and CD). Institute of Water Resources Management, University of Karlsruhe, Karlsruhe,
Germany, pp 231-244

Merz B, Kreibich H, Thieken A, Schmidtke R (2004) Estimation of uncertainty of direct monetary damage
to buildings. Nat Hazards Earth Syst 4:153-163

Messner F, Penning-Rowsell E, Green C, Meyer V, Tunstall S, van der Veen A (2007) Guidelines for socio-
economic flood damage evaluation. Integrated flood risk analysis and management methodologies,
Floodsite report no. T9-06-01

Meyer V (2005) Methoden der Sturmflut-Schadenspotenzialanalyse an der deutschen Nordseekiiste.
Universitidt Hannover, Doktorarbeit

Meyer V, Messner F (2005) National flood damage evaluation methods—a review of applied methods in
England, the Netherlands, the Czech Republic and Germany. UFZ-Diskussionspapiere 21/2005

MeyerhoffJ, Dehnhardt A (2007) The European Water Framework Directive and economic valuation of wetlands:
the restoration of floodplains along the River Elbe. Eur Environ 17(1):18-36. doi:10.1002/eet.439

@ Springer


http://dx.doi.org/10.1007/s11069-008-9213-y
http://elise.bafg.de/?1817
http://dx.doi.org/10.1007/s11069-005-8600-x
http://dx.doi.org/10.1016/j.jenvman.2004.11.024
http://www.talsperren-sachsen.de
http://dx.doi.org/10.1002/eet.439

166 Nat Hazards (2010) 52:143-166

National Research Council (NRC) (2000) Risk and uncertainty in flood damage reduction studies. National
Academy Press, Washington, DC, USA

Otte-Witte K, Adam K, Meon G, Rathke K (2002) Hydraulisch-morphologische Charakteristika entlang der
Elbe (Hydraulic-morphological characteristics along the Elbe river. In: Nestmann F, Biichele B (eds)
Morphodynamik der Elbe, Endbericht des Verbundprojekts (Morphodynamics of the Elbe river—final
project report). Institute of Water Resources Management, University of Karlsruhe, Karlsruhe,
Germany, pp 203-299

Penning-Rowsell EC, Johnson C, Tunstall S, Tapsell S, Morris J, Chatterton J, Coker A, Green C (2003) The
Benefits of flood and coastal defence: techniques and data. Flood Hazard Research Center, Middlesex
University, United Kingdom

Petrow T, Thieken A, Kreibich H, Bahlburg C, Merz B (2006) Improvements of flood alleviation in Germany:
lessons learned from the Elbe flood in August 2002. Environ Manag 38:717-732. doi:10.1007/
$00267-005-6291-4

Statistisches Bundesamt (Federal Office of Statistics) (2003) National accounts: capital stocks of the
German Lander 1991-2001, Germany

Statistisches Bundesamt (Federal Office of Statistics) (2004) Regional statistics: land use, Germany

Statistisches Bundesamt (Federal Office of Statistics) (2005a) National accounts: gross domestic product,
Germany

Statistisches Bundesamt (Federal Office of Statistics) (2005b) Regional statistics: buildings and housing,
Germany

VERIS-Elbe (2008) Changes and management of risks of extreme flood events in large river basins — the
example of the Elbe river. Research project funded by the Federal Ministry of Education and Research
(BMBEF). http://www.veris-elbe.ioer.de

Zerger A (2002) Examining GIS decision utility for natural hazard risk modelling. Environ Model Softw
17:287-294

@ Springer


http://dx.doi.org/10.1007/s00267-005-6291-4
http://dx.doi.org/10.1007/s00267-005-6291-4
http://www.veris-elbe.ioer.de

	Large-scale assessment of flood risk and the effects �of mitigation measures along the Elbe River
	Abstract
	Introduction
	Case study description
	Methodology
	Generating flood events
	Inundation modeling
	Damage assessment
	Flood risk assessment

	Results
	Comparison of the damage assessment methods
	Flood risk in the baseline scenario
	Effects of mitigation strategies

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


