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Abstract. For the purpose of flood risk analysis, reliable
loss models are an indispensable need. The most common
models use stage-damage functions relating damage to water
depth. They are often derived from empirical flood loss data
(i.e. loss data collected after a flood event). However, object
specific loss data (e.g. losses of single residential buildings)
from recent flood events in Germany showed higher aver-
age losses in less probable events, regardless of actual wa-
ter level. Hence, models that were derived from such data
tend to overestimate losses caused by more probable events.
Therefore, it is the aim of the study to analyse the relation
between flood damage and recurrence interval and to pro-
pose a method for considering recurrence interval in flood
loss modelling. The survey was based on residential build-
ing loss data (n = 2158) of recent flood events in 2002, 2005
and 2006 in Germany and on-site recurrence interval of the
respective events. We discovered a highly significant pos-
itive correlation between loss extent and recurrence interval
for classified water levels as well as increasing average losses
for longer recurrence intervals within each class. The appli-
cation of principal component analysis revealed the interre-
lation between factors that influence the damage extent di-
rectly or indirectly, and recurrence interval. No single factor
or component could be identified that explained the influence
of recurrence interval, which led to the conclusion that recur-
rence interval cannot substitute, but complement other dam-
age influencing factors in flood loss modelling approaches.
Finally, a method was developed to include recurrence inter-
val in typical flood loss models and make them applicable to
a wider range of flood events. Validation including statisti-
cal error analysis showed that the modified models improve
loss estimates in comparison to traditional approaches. The
proposed multi-parameter model FLEMOps+r performs par-
ticularly well.
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1 Introduction

Flood risk can be defined as the probability and the magni-
tude of expected losses that result from interactions between
flood hazard and vulnerable conditions (UNISDR, 2004). It
exemplifies the tension at the interface of society, settlements
and the environment and is the price to pay for the benefits of
using water resources in multiple ways. The economic and
societal implications are considerable. Floods are respon-
sible for 20–30% of the economic losses caused by natural
hazards worldwide (Douben and Ratnayake, 2006). Even
the death toll due to (freshwater) floods shows a slight in-
crease from 1975–2001 (Jonkman, 2005). In Germany, the
severe flood event in August 2002 caused monetary losses
of more than 11 billion Euros (see Engel, 2004, for an event
description) and 21 casualties. In the aftermath the assess-
ment of flood losses for compensation purposes and, in the
medium term, for cost-benefit analyses of flood protection
measures and flood risk management in general, became an
urgent need. Thorough analysis and a subsequent assessment
of the risk are indispensable parts of managing the risk and
mitigating flood damages, thereby enhancing the benefits of
risk management and limiting costs of damage mitigation
measures.

Flood damages are usually divided in direct and indirect
damages which are further divided in tangibles and intan-
gibles (Smith and Ward, 1998). Most studies concentrated
on direct tangible losses as the assessment of indirect dam-
ages, while very important, remains methodologically dif-
ficult. It is often only approached implicitly, e.g. by using
risk aversion concepts to account for the disproportional in-
crease in indirect losses (and intangibles) of extreme events
(e.g. Merz et al., 2009). Intangibles are even more diffi-
cult to assess, although some recent studies revealed the im-
portant implications they can cause (Siegrist and Gutscher,
2006). While we acknowledge the importance of these dam-
ages, this study only accounts for tangible direct losses to
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residential buildings. For the purpose of the study this nar-
rowed approach was suitable as the influence of flood fre-
quency on direct flood losses could be clearly demonstrated.

Flood risk science can resort to decades of research. Ex-
tensive overviews of flood loss assessment studies are given
by Smith (1994), B̈uchele et al. (2006) and Merz (2006).
Seminal analyses on flood loss functions started in the UK
in the early 1970s. They were summarized in the “Blue
Manual” (Penning-Rowsell and Chatterton, 1977) and are
perpetuated ever since (“Multi-coloured Manual”, Penning-
Rowsell et al., 2005). The data and loss functions still are
the standard approach for flood loss analysis and estimation
in Great Britain.

In state-of-the-art loss estimation, mostly water level is
taken as the main impact-parameter in so called stage-
damage-curves, which estimate a certain degree of damage
or absolute damage based on the inundation depth. Besides
the Multi-Coloured Manual of the Flood Hazard Research
Centre (FHRC) at Middlesex University (Penning-Rowsell
et al., 2005), examples for this approach are the flood loss
functions developed by the International Commission for the
Protection of the Rhine (Egli, 2002), Hydrotec (2002), Emer-
gency Management Australia (E.M.A., 2003) and the Federal
Emergency Management Agency (FEMA – Scawthorn et al.,
2006).

In Germany, the first studies that dealt with flood loss anal-
ysis were closely linked to the flood loss database HOWAS
(Kiefer, 1976; Meon et al., 1986; G̈unther and Schmidtke,
1988) run by the Bavarian Water Agency (Bayerisches Lan-
desamt f̈ur Wasserwirtschaft). Buck and Merkel (1999) anal-
ysed the datasets and the data quality. They concluded
that square-root functions are the best approach to estimate
losses. Later works used the HOWAS data sets and advanced
in the data analysis (e.g. Merz and Gocht, 2001; Merz et al.,
2004). Merz et al. (2004) demonstrated the high uncertainty
of stage-damage functions that are derived from empirical
data (i.e. loss data collected after flood events) and suggested
to consider more factors – besides water level and building
use – in loss modelling.

Several authors, e.g. Penning-Rowsell et al. (2005), Buck
et al. (2008) emphasized the variability of the objects at risk
and provided loss functions for a wide range of representative
objects that have undergone very detailed analyses in terms
of the values at risk and their resilience. These approaches
are based on synthetic, i.e. what-if loss data and analyses.

In order to learn more about damage processes, extensive
datasets about flood losses and a range of damage influenc-
ing factors were surveyed in Germany after floods in 2002,
2005 and 2006 (Thieken et al., 2005; Kreibich and Thieken,
2008). The influencing factors were divided into impact fac-
tors e.g. water depth, contamination, and resistance factors
like type of building, preparedness, early warning (Thieken
et al., 2005). In the aftermath, Thieken et al. (2008) and
Kreibich et al. (2010) developed flood loss estimation mod-
els for the residential and for the commercial sector (FLE-

MOps and FLEMOcs, respectively) that include information
about the objects at risk and consider water level, flood wa-
ter contamination and precautionary measures at the object
as impact factors. The models were derived from actual data
surveyed after the 2002 flood event in the Elbe and Danube
catchments (FLEMOps). For the derivation of FLEMOcs
additional empirical data from events in 2005 (Danube) and
2006 (Elbe) were also considered. Model validation demon-
strated the improvements and reliability of the new models.
However, transferability of the model applications in space
and time are still limited (Thieken et al., 2008).

Apel et al. (2009) exemplified that the imminent uncer-
tainties in loss estimation and the huge deviance of esti-
mates have their origins more in the loss modelling approach
than in the hydraulic modelling. De Moel and Aerts (2009)
showed that this also applies to a comparison of the un-
certainties in land use data, water depth data, and stage-
damage curves: the use of different stage-damage curves
caused much higher deviations in loss estimates than differ-
ent sources of land use or water depth information. Merz
and Thieken (2009) preselected plausible loss modelling ap-
proaches in terms of applicability to their research area. Un-
der this condition they got similar contributions from flood
frequency estimations, inundation scenarios and damage es-
timations to overall uncertainty. Including all available mod-
els without preselecting heavily extended the uncertainty
bounds of the flood risk curves in their work. Hence, putting
emphasis on the improvement and validation of loss models
might cause the highest gain in risk estimation accuracy.

The amount of damage is determined by the combination
of impact and resistance. It is the challenge in loss mod-
elling to identify how and to which the degree they influence
damages. Thorough analysis of flood events, damages and
the underlying processes is the way to fulfil this task. There-
fore, information about actual damages caused by flooding
are necessary and have to be collected, analysed and made
accessible (Thieken et al., 2009). A substantial set of data is
necessary, because no two flood events are the same. Flood
characteristics vary strongly in time and space. Different
river basins can be affected in one event and even for a single
flood event within only one catchment the flood characteris-
tics differ. It is important to keep in mind that flood magni-
tude varies along a river network and also for each time step
during the event. A single event never has a homogeneous re-
currence interval. Generally, when comparing single events,
extreme events cause higher accumulated damages than more
likely events as they affect larger areas and cause a bigger
share of deep inundation. Furthermore, for the same reasons
they aggravate indirect effects e.g. business interruptions.

Analyses of data from events in 2002, 2005 and 2006
showed that average building losses for private households
were much higher in the flood event in August 2002 in the
Elbe catchment than in the other events. This event has
caused enormous losses and was much more extreme in
terms of recurrence intervals than the flooding in the Danube
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Fig. 1. Comparison of flood event averages: building loss ratios,
water level classes, recurrence intervals (top to bottom) for cases
with loss information.

region at the same time and the events in August 2005
(Danube catchment) and March/April 2006 (Elbe) (Fig. 1).

Associated with this flood magnitude were much higher
relative loss averages in the Elbe catchment. The water level
class affiliations show a similar pattern but were less distinct
than the differences in average loss ratio (Fig. 1). We hypoth-
esise in this paper that floods with high probabilities and low
magnitude primarily affect objects whose inhabitants have
previously experienced flooding or at least gathered infor-
mation about flood damage mitigation and that damages are
lower because permanent and temporal resistance are higher
due to better preparedness and precautionary measures.

In Fig. 2 this hypothesis is exemplified: a flood that occurs
on average every ten years affects buildings 2 and 3 (dark
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Fig. 2. Object losses caused by floods of different probability.

blue). Due to the exposition of the buildings, the inundation
depth at each building (stage) is different and hence we ex-
pect a higher loss ratio in building 3 than in building 2. In an
event with a recurrence interval of 100 years, the cumulative
losses are apparently higher as a bigger number of objects, in
this example all four buildings, are affected (light blue). On
the object-scale the inundation depth is the same for building
1 in the HQ100-event than for building 2 in the HQ10-event.
This also applies to building 3 and building 4, respectively.
State-of-the-art loss estimation models apply the same func-
tion to affected buildings of the same type (black graph). But
we assume that there is a difference in loss extent (1D) if
these buildings are affected by events of different probabil-
ity (dark blue and light blue graphs). None of the models
mentioned above considers this difference.

Consequently, this study analyses the relation between
flood damage and recurrence interval with the intention to
propose a method for considering this relation in flood loss
modelling.

For this purpose we address the following three main ques-
tions in this paper:

(a) Is there a correlation between loss extent and recurrence
interval that is not only a result of the greater spatial
extent and the higher water levels in extreme events?

(b) Which damage influencing factors are altered by
changes in flood frequency?

(c) How can the findings be accounted for in flood loss es-
timations?

In the first step (a), the basic question had to be answered
before further analyses could be conducted. Flood frequency
(in terms of recurrence interval or exceedance probability)
describes a characteristic of an event but is not an impact or
resistance factor itself. In the second step (b) we wanted to
find the causes of the differences in the object specific loss
extent in high and low probability flood events. For this
purpose, we analysed which damage influencing parameters
change with flood probability.

At last these results were utilised by finding ways to inte-
grate recurrence interval in existing flood loss models (c).
The usefulness of this step was judged by validating and
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comparing the accuracy of losses estimated by the “tradi-
tional” and modified loss models.

The paper is structured as follows: in Sect. 2 all data anal-
ysed in the survey are described. Section 3 presents the meth-
ods and models used and the purposes for applying them for
data analyses. The order in this chapter is repeated in Sect. 4
“Results and discussion”; the sequences of presenting the
methodologies and showing the respective results coincide.

The section “Conclusions” sums up the most notable find-
ings and translates them into recommendations for future
flood loss analyses and closes with a short outlook on future
research assignments.

2 Data

For the analyses, data about flood losses in the residential
sector were used. The data set contains information about

– building losses

– building loss ratios

– site-specific recurrence interval of the flood event (val-
ues, classified)

– water level (classified) above ground surface

for every single loss case, and additional information about
relevant loss influencing parameters.

2.1 Flood loss data

In the aftermath of the severe flood in August 2002 that hit
the rivers Elbe, Danube and tributaries, 1697 households re-
sponded to a standardised questionnaire that contained about
180 questions. The survey addressed the following topics:
flood warning, precautionary measures, flood impact, emer-
gency measures, evacuation, contamination and cleaning-up,
characteristics of the affected household contents and build-
ings and losses to contents and buildings, recovery of the
households, and information about flood experience as well
as socio-economic variables. Many topics were covered by
several questions and most questions offered multiple cat-
egories of answers. Hence data aggregation was necessary.
The derived indicators and the complete survey are described
in detail by Thieken et al., 2005, Thieken et al., 2007 and
Kreibich et al., 2005.

The data base was further extended by a second survey
in 2006. Households affected during the August 2005
flood in the Danube catchment and in the March/April
2006 flood in the Elbe region were surveyed via telephone-
interviews using a computer-aided questionnaire that
is based on the questionnaire used in 2003. A digi-
tal version of this questionnaire can be found athttp:
//www.gfz-potsdam.de/portal/gfz/Struktur/Departments/
Department+5/sec54/Ressourcen/Dokumente/Questions+
MEDIS?binary=true\&status=300\&language=de.

In this second survey, a total of 461 flood-affected house-
holds were interviewed. 317 of the interviews addressed
households in the Danube catchment and 144 in the Elbe
catchment. As there were also minor floods in the Elbe catch-
ment in 2005 and in the Danube catchment in 2006, a lim-
ited number of loss cases from these events were also as-
sessed in the 2006 survey. Most interviews took place six to
18 months after the damaging flood event. Only household
members could be contacted who still lived in or had already
returned to the damaged building. Effectively, heavy or to-
tal losses are probably underrepresented in the data set. In
reality, these losses are quite uncommon and, given the size
of our sample, this underrepresentation should not bias the
results significantly.

The analyses required data about building losses and wa-
ter levels, which could be directly taken from the interview
answers.

2.2 Additional data

Additional necessary information items to supplement the
data sets were loss ratios and object specific flood recurrence
intervals. To calculate loss ratios, actual losses as given in the
interviews were divided by the building values, which were
estimated as follows. Building values (replacement costs)
were estimated by using actuarial valuation methods. The
VdS guideline 772 1988-10 (Dietz, 1999), commonly used
in the insurance sector, offers a method to estimate absolute
building values in “Mark 1914”. The results can be trans-
ferred to replacement costs for any given year by a correc-
tion factor. Necessary information to apply this method was
taken from interview answers concerning total floor space,
basement area, number of storeys and roof type. To com-
pare all monetary information, the year 2006 was used as a
reference. Building values were transferred to replacement
costs as of 2006 by applying the building price index pub-
lished by the German Federal Statistical Office (Statistisches
Bundesamt, 2009).

The recurrence intervals of the described flood events at
the specific locations of the damaged objects were assigned
to the damage cases as the best possible estimation for flood
probability. This approach does not treat flood events as
temporally and spatially coherent, based on a stationary uni-
form flood probability (e.g. “Millennium flood”). It con-
siders the variations in return period along the river net-
work, but doesn’t differentiate the probability to be flooded
for objects located at the same river stretch. To be as ac-
curate as possible, the recurrence intervals had to be cal-
culated for the highest possible spatial resolution. For all
gauges in the study areas where discharge information were
obtainable, the annual maximum series (AMS) were derived
from the discharge data. An estimation of the flood re-
currence interval was done for all time series with records
of at least 30 (hydrological) years. The Generalised Extreme
Value (GEV) distribution function was fitted to the AMS of
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Table 1. Building loss cases per recurrence interval and water level class combination.

Water level above ground surface (cm)
Up to 21–60 61–100 101–150 More than
20 cm cm cm cm 150 cm total

Recurrence 1–9 years 76 5 6 2 10 99
interval 10–99 years 215 64 62 33 39 413

100 years 208 96 91 133 268 796
and more

total 499 165 159 168 317 1308

Italics: <= 10 loss cases in class; no further analyses

2005 2006
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Fig. 3. Recurrence intervals for post code (ZIP) zones with loss data.

more than 120 gauges using the L-Moment method. The re-
sulting recurrence intervals for maximum annual discharges
in 2002, 2005 and 2006 were assigned to the respective
catchments of each gauge. Boundaries for areas or river
reaches with the same recurrence interval were defined by
the first major tributary downstream of the gauge and include
ungauged tributaries that disembogue in between. The catch-
ment boundaries were taken from the CCM River and Catch-
ment database for Europe (Vogt et al., 2007). At the con-
fluence of major affected rivers (e.g. Elbe and Mulde rivers
at Dessau, Saxony-Anhalt) official reports and other sources
were used as complementary information to decide which
river contributed most to the reported losses.

2.3 Integrated data set

The survey data sets were merged and supplemented with
additional information on building values and recurrence in-
tervals. The complete data set contains 2158 residential loss
cases. Spatial distribution of gauges and loss cases is illus-
trated in Fig. 3.

Cases where no information about monetary losses to
buildings was given had to be excluded. So the dataset for
this analysis was reduced to 1327 household interviews. The

number of cases with building loss information as well as in-
formation about water level and recurrence interval can be
found in Table 1.

3 Methods

Analyses by Thieken et al. (2007) showed that water level
is the most important factor that determines the extent of
building losses. In a given data set that represents loss cases
caused by a single flood event, the different water levels form
a unique pattern of distribution (distribution curve) that de-
pends on the spatial distribution of settlements in the flooded
area, and on geomorphology. In different events, this dis-
tribution curve can vary due to shifting event characteristics,
even if the same region is affected (Merz, 2006). To eliminate
these variations and analyse only the influence of recurrence
interval, the complete data set is classified by water level and
recurrence interval. The five water level classes are coherent
with the classification in the model FLEMOps (Büchele et
al., 2006; Thieken et al., 2008).
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Table 2. Selected items for principal component analysis.

Item Information item Scale and measure Impact (i) or
number resistance (r)

factor

1 Water level above top ground surface cm i
2 Flood duration hours i
3 Flow velocity indicator Indicator values (1 = stationary; i

3 = fast flowing)
4 Early warning time hours r
5 Quality of warning information (,,Did Ordinal scale with six values: 1 – r

you know from the warning I knew exactly; 6 –
information how to protect you I didn’t have the slightest
and your household against flooding? “) idea

6 Emergency measures indicator Indicator values (0 = no emergency r
measures to 17 = maximum number
of emergency measures)

7 Time for mitigation measures hours r
(working hours)

8 Time delay after warning till hours r
starting with mitigation measures

9 Contamination indicator Indicator values (0 = no i
contamination; 6 = heavy contamination)

10 Precaution indicator Indicator values (0 = no r
precaution; 38 = perfect precaution)

11 Personal opinion about the efficiency Ordinal scale with six values: 1 = very r
of private precautionary measures effective, can reduce flood losses

significantly; 6 = totally useless
12 Flood experience indicator Indicator values (0 = no r

prior flood experience; 9 = recently
or frequently affected by flood events)

3.1 Recurrence interval and building losses

First, building losses and building loss ratios were correlated
with recurrence intervals for all 1308 cases. The Spearman-
Rho correlation coefficient was used to calculate the signifi-
cance of the correlation. The correlation is interpreted as sig-
nificant whenα does not exceed the 0.05 level (two-sided).

For the classification of recurrence interval we looked for
significant breaks in the distribution of loss ratios along all
cases that are ordered according to their recurrence intervals.
By applying the Epanechnikov-kernel (local linear regres-
sion with 40% of standard bandwidth) potential breakpoints
were identified. For the loss cases within each resulting class
no more positive trends were found. The class borders were
interpreted as significant changes in the influence of flood
recurrence interval on loss extent or damage influencing fac-
tors.

The Kruskal-Wallis-test (H-test) for independence was
performed for all water level classes with the significance
level set atα = 0.05. Afterwards the Spearman-Rho correla-
tion coefficient between building losses and recurrence inter-
vals was calculated for each water level class. The value of
the correlation index and its significance determined whether

analysing the influence of the “extremeness” of a flood event
on loss extent was reasonable and statistically valid.

3.2 Dimensions of recurrence interval (flood frequency)

For a number of items it was tested how they are linked to re-
currence interval. The selection of these items was oriented
on Thieken et al. (2005). Only attributes that were obtained
in the 2006 as well as 2003 survey or indexes that could be
derived from answers in both surveys in an analogous man-
ner were considered. Table 2 gives an overview of the se-
lected factors, their scale, and measure and whether they are
an impact or resistance factor.

Principal Component Analysis (PCA) with varimax rota-
tion was used to aggregate the number of items to a smaller
number of dimensions (principal components). The number
of components is limited to those components with eigen-
values exceeding one. Recurrence interval is excluded from
this kind of analysis. After conducting the PCA the result-
ing components were correlated (Spearman-Rho correlation
coefficient) with the unclassified recurrence interval data.
Significant correlations were interpreted in terms of the mu-
tual connections between flood frequency and damage influ-
encing dimensions.
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3.3 Flood loss modelling approaches

To evaluate whether including recurrence interval in mod-
elling flood losses really improves the accuracy of re-
sults, flood loss estimation models that take into account
recurrence interval were developed, validated and compared
to models that do not include recurrence interval. Different
modelling approaches as well as modified versions of these
approaches that consider recurrence interval were analysed.

We used linear, square root and polynomial stage-damage
curves. All these approaches are used in practice and their
performance has been tested in previous studies (e.g. MURL,
2000; IKSR, 2001; Hydrotec, 2002). The fourth model
tested is the flood loss estimation model for the private sector
(FLEMOps) (Thieken et al., 2008). In the basic FLEMOps
model, five water level classes, three building types and two
building quality classes are used as input. In the extended
version (FLEMOps+), the combinations of three grades of
flood water contamination and three classes describing the
extent of private precautionary measures are added to the ba-
sic model (Thieken et al., 2008). All models were derived
from the integrated data set, according to their basic prin-
ciples. These loss model types were modified by including
recurrence interval as additional parameter in the respective
loss estimation functions.

For the linear, square root and polynomial model, the in-
tegration of recurrence interval was done by simply calculat-
ing a single loss function for each recurrence interval class.
For this purpose, the loss cases were classified into three re-
currence interval classes (see Sect. 3.1). For each class, a
regression function was derived that describes the correla-
tion between building loss ratio and recurrence interval for
all cases in the class. The naming convention for all mod-
els that consider recurrence interval is the name of the basic
model and an additional “r” for recurrence interval.

3.4 The new Flood Loss Estimation MOdel
FLEMOps+r

For FLEMOps+, a different approach was necessary as this
extended model already considers scaling factors for each
combination of contamination and precautionary measures.
The parameters recurrence interval, extent of contamination
and precautionary measures are not independent from each
other, but interrelated. Hence multiplying multiple scaling
factors would have exaggerated the influence of these fac-
tors. A complete classification includes combinations of all
three factors without being biased by their interrelation. For
the development of FLEMOps+r, a makeover of the model
derivation approach was necessary: multiplying a basic func-
tion with a scaling factor biases the outcome if the parame-
ters, the function and the scaling factor are based on, are not
independent. The parameter “water level” in the basic loss
function is correlated with each of the parameters which con-
tribute to the scaling factor. Therefore, the scaling factor was

modified by calculating the relation of relative building loss
(derived from the interview) and a reference relative build-
ing loss estimate for each case. The reference estimates were
taken from the application of the basic FLEMOps that only
considers water level and building characteristics. Eq. (1)
shows the formula used in FLEMOps for estimating the loss
ratio DEj for a casej with an inundation depth in the water
level classh, building typet and building qualityq.

DEj =

∑n
j Dhj

nhj

·

∑n
j Dtq j

ntq j

·
n∑1
nD

(1)

The relations of all cases in each parameter combination
class were averaged. The results for the respective class pro-
duced the new scaling factor. This approach removed the
bias caused by the unequal distribution of water levels in the
respective classes. We retrieved a new loss estimation model
FLEMOps+r that considers water level, contamination, pre-
caution, and recurrence interval as well as building charac-
teristics without biasing the estimation results due to the cor-
relation of the included parameters as given in Eq. (2).

DE2j = DEj ·

∑ DEpcT j

DpcT j

·
1

npcT j

(2)

Eq. (1) and Eq. (2) with:

j (loss) case
D relative loss (interview information)
DE estimated relative loss (FLEMOps)
DE2 estimated relative loss (FLEMOps+r)
h water level class
t building type
q building quality
p precaution index value
c contamination index value
T recurrence interval class
pcT parameter combination class
n number of cases

3.5 Validation and model comparison

The resulting models were validated by using the Leave-one-
out cross-validation method. This technique created an ef-
fectively independent sample from the existing data set. One
loss case was removed and the model was derived from the
remaining 1326 loss cases. Then, the parameter combination
of the removed case was fed into the model and the relative
loss for this case was estimated. This procedure was repeated
for each loss case, i.e. 1327 times. The overall model error
was calculated from the differences between the estimated
values and the actual relative loss from the interview. After-
wards, a comparison of the errors for all models was con-
ducted.

To additionally judge how well the models performed for
special areas of interest, e.g. how well they estimated losses
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Table 3. Spearman-Rho correlation coefficient for residential building loss and recurrence interval per water level class.

Water level Relative building Absolute building loss [EUR],
above ground loss (class sizes values as of 2006
surface from 131–439) (class sizes from 165–499)

up to 20 cm Recurrence .176(∗∗) .142(∗∗)
interval

21–60 cm Recurrence .200(∗) .158(∗)
interval

61–100 cm Recurrence .322(∗∗) .326(∗∗)
interval

101–150 cm Recurrence .187(∗) .259(∗∗)
interval

more than Recurrence .134(∗) .211(∗)
150 cm interval

∗∗ Correlation significant at the 0.01 level (2-sided).
∗ Correlation significant at the 0.05 level (2-sided).
Bold values indicate an asymptotic significance in the K-W-test at the 95% level.

for high water levels (cf. Thieken et al., 2008) or low prob-
ability events, a bootstrapping algorithm was applied to the
building loss values from the interviews. The sampling with
replacement was done 10 000 times. A confidence interval of
95% was calculated from the bootstrapped sample for each
water level class and each recurrence interval class, respec-
tively. The mean relative losses for the required classes, as
estimated by each model, could then be analysed in terms
of how well they fitted into the confidence interval, and how
close they were to the mean relative loss per class, as taken
from the interviews.

Nine model variants were compared: the linear, square
root and polynomial models in their basic form and with
separate functions for each recurrence interval class, and
the FLEMOps model family. The basic FLEMOps model
based on water level classes and building characteristics,
“FLEMOps+” with additional information about contamina-
tion and precaution and the newly developed “FLEMOps+r”
with water level, building type and quality, contamination,
precaution and recurrence interval as influencing parameters.
The model quality was rated by comparing the error statis-
tics of each model. Hence the mean bias error (MBE), the
mean absolute error (MAE) and the root mean square error
(RMSE) were calculated from the estimation results. Fur-
thermore, the average estimates per recurrence interval class
and per water level class were plotted against the respective
average losses from the interview answers. Comparing esti-
mated class averages favours models that have separate func-
tions for each of these classes and hence produce hardly any
deviations between interview answers and estimates. Multi-
parameter models (FLEMOps+ and FLEMOps+r) use only
one (scaled) basic function and therefore could only come
close to the results of the other models at best.

4 Results and discussion

4.1 Recurrence interval and building losses

The Spearman-Rho correlation coefficient between specific
recurrence interval per loss case and absolute building loss
was 0.333, while the respective value for building loss ra-
tio was 0.344. Both results were significant at the 0.01 level
(two-sided). This did not necessarily indicate a special influ-
ence of this parameter, as low probability events also cause
a higher share of deep inundation. Hence, the correlations
were also calculated for separate water level classes to elim-
inate the influence of inundation depth. Table 1 shows how
the data set was split into 15 subgroups by classifying the loss
cases by recurrence interval and water level. Most subgroups
contained enough cases to allow further analyses. Only the
combination of high water levels and high flood frequencies
occurred quite rarely.

For monetary losses the recurrence interval classes were
significantly independent for four water level classes with the
exception of the class “21–60 cm”, where the result was only
significant on the 90%-level (Table 3). For loss ratios, in-
dependence was given for all classes on the 95%-level. The
Spearman-Rho correlation coefficients for each water level
class are not as pronounced as the results for the whole sam-
ple. Still, a positive correlation that is significant on the 95%-
level was found in all classes for both, absolute and relative
losses (Table 3).

The findings were further analysed by comparing average
relative losses (means, medians, quartiles) for the 15 sub-
groups. Figure 4 illustrates the results.

All subgroups with ten or fewer cases, i.e. the groups with
a recurrence interval of less than ten years and a water level
of more than 20 cm did not allow reliable conclusions. These
groups were not excluded, but marked by the white bars as
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Table 4. Rotated component matrix; contribution of items to four principal components and Spearman-Rho correlation of components, items
and recurrence interval.

Spearman-Rho
Item Component loadings Correlation coefficient

number Information item 1 2 3 4 Recurrence interval

1 Water level above top ground surface .728 .271(∗∗)

2 Flood duration .600 .191(∗∗)

3 Flow velocity indicator .739 .330(∗∗)

4 Early warning time .796 .073(∗)

5 Quality of warning information −.541 .298(∗∗)

6 Emergency measures indicator .678 −.125(∗∗)

7 Time for mitigation measures .744 −.128(∗∗)

(working hours)
8 Time delay after warning till .764 .101(∗∗)

starting with mitigation measures
9 Contamination .682 .257(∗∗)

10 Precaution indicator .624 −.164(∗∗)

11 Personal opinion about the efficiency .458 .136(∗∗)

of private precautionary measures
12 Flood experience indicator .757 .088

Spearman-Rho Correlation coefficient

Recurrence interval .085 .326(∗∗)
−.302(∗∗)

−.292(∗∗) 1.000

Method: principal component analysis; Rotation method: varimax with Kaiser-normalisation. Rotation converged in six iterations.
∗∗ Correlation significant at the 0.01 level (two-sided).
∗ Correlation significant at the 0.05 level (two-sided).
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Fig. 4. Comparison of average building loss ratios per water level
and recurrence interval class.

not significant. All other groups contained at least 33 and a
maximum of 268 loss cases. Mean loss ratios increased with
higher water levels, as expected, but there was also an almost
steady increase of average building loss ratio in each water
level class for increasing recurrence intervals: average build-
ing losses were higher in extreme flood events regardless of
water level, than in more frequent events.

4.2 Dimensions of recurrence interval

The results of a principal component analysis (pair wise dele-
tion, available case approach) with the twelve selected items
– loss information and recurrence intervals excluded – were
as follows: the first four principal components with eigen-
values higher than one explained about 56% of the variance.
Although this was not a very good result, we still considered
the reduction in dimensionality from twelve to four with an
explained variance of nearly 56% as sufficient. The share of
explained variance per component was levelled to a certain
degree by applying the varimax rotation to the matrix.

Table 4 shows the contribution of each parameter to the
single components (i.e. the correlation between parameter
and component). Values less than .5 were left out of the table
for better readability; values higher than .5 describe the char-
acteristics of the respective components and were marked by
bold text. For item eleven there was no clear picture: the
highest component loading was only .458 for component 1.
For information the Spearman-Rho Correlation coefficient
between all items and Recurrence interval is also given in
the table.

We created generic terms that denote the significance of
each component. The names are based on the contribution of
the selected items to the four components as well as thematic
proximity of items that were closely related to one compo-
nent:
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Fig. 5. Stage-damage-curves for loss model functions.

Component 1:Reactiontime (of the river system, the
early warning system, the population)

Component 2:Load (object specific flood impact char-
acteristics)

Component 3:Response(mitigation measures)

Component 4:Preparedness(and experience)

These terms were used to interpret the results of the follow-
ing analysis. There are moderate but highly significant corre-
lations between recurrence interval and three of the four com-
ponents. Recurrence interval was negatively correlated with
components 3 (Response) and 4 (Preparedness), which lead
to the assumption that mitigation is less pronounced in low
probability events. We also concluded that flood experience
is related to flood probability, as living in an area affected
by frequent floods leads to a high level of flood experience.
The positive correlation for component 2 hints to more pro-
nounced flood impact characteristics in less frequent events.
Component 1 (Reaction) showed no significant correlation
with recurrence interval at all.

Findings by Siegrist and Gutscher (2006) showed the im-
portance of experience in triggering mitigation behaviour.
The same authors (Siegrist and Gutscher, 2008) proved that
only people who were affected by a flood can realistically
assess the consequences of flooding. With regard to these
findings it was surprising that the correlation with compo-
nent 4 (preparedness/experience) that could have logically
explained the influence of flood probability on losses, did not
stand out at all. This is further confirmed by the fact that no
significant correlation could be found between Recurrence
interval and the flood experience indicator.

Recurrence interval was not clearly associated with only
one, but quite equally with three components; thus, obvi-
ously various parameters change with variations in flood

probability. For this reason, recurrence interval cannot sub-
stitute – or cannot be substituted by – one or a limited number
of related parameters in flood loss modelling, but comple-
ment other parameters already included in existing loss esti-
mation models. Hence, it was evident to include recurrence
interval directly in the loss models.

4.3 Flood loss models

The linear, square root and polynomial models feature con-
tinuous functions. The stage-damage-curves in Fig. 5 show
the basic and the extended, i.e. including recurrence inter-
val (marked with r), models as derived from the integrated
dataset. The plotted building loss cases form the base for
model derivation. Their huge variability demonstrates the
need to incorporate more parameters than only water level in
flood loss modelling.

To integrate recurrence interval in the FLEMOps+ loss
estimation model, the influence of combinations of recur-
rence interval and other important factors was quantified for
our dataset: combining precaution, contamination and re-
currence interval classes resulted in 27 classes and included
many classes with too little cases for deriving reasonable re-
sults (Table 5). A closer look at the distribution of loss cases
among classes showed that many combinations are much
more likely than others. This finding was further supported
by the fact that classes with many cases are clustered in the
parameter space formed by the three factors. Further anal-
yses were limited to classes with a certain number of cases
that still covered a vast majority of cases and hence will work
for most loss estimations.

The limit was set at a minimum of 30 loss cases per class.
With this selection, less than 30% of all classes represented
73% of all cases. When a class contained less than 30 mem-
bers it was aggregated with neighbouring classes based on
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Table 5. Parameter combinations, class averages and scaling fac-
tors.

Contami- Precaution Recurrence Relative Scaling
nation interval building loss factor

no

strong

1–9 yrs average 0.02 0.3
n 18 86

10–99 yrs average 0.02 0.4
n 52

from 100 yrs average 0.02 0.6
n 28 132

medium

1–9 yrs average 0.01 0.5
n 13 122

10–99 yrs average 0.05 0.6
n 46

from 100 yrs average 0.05 0.8
n 32

little

1–9 yrs average 0.02 0.3
n 40

10–99 yrs average 0.04 0.5
n 124

from 100 yrs average 0.11 1.2
n 193

medium

strong

1–9 yrs average 0.08 0.5
n 3 56

10–99 yrs average 0.04 0.6
n 29 126

from 100 yrs average 0.10 0.9
n 20 121

medium

1–9 yrs average 0.08 0.6
n 5 51

10–99 yrs average 0.07 0.9
n 18 214

from 100 yrs average 0.14 1.1
n 39

little

1–9 yrs average 0.04 0.7
n 12 130

10–99 yrs average 0.08 0.9
n 73

from 100 yrs average 0.19 1.2
n 254

heavy

strong

1–9 yrs average 0.01 1.0
n 1 8

10–99 yrs average 0.03 0.6
n 4 43

from 100 yrs average 0.17 1.2
n 5 46

medium

1–9 yrs average 1.0
n 0 10

10–99 yrs average 0.05 1.5
n 4 49

from 100 yrs average 0.19 1.2
n 17 154

little

1–9 yrs average 1.0
n 0 18

10–99 yrs average 0.36 1.5
n 6 172

from 100 yrs average 0.23 1.3
n 89

Light grey: aggregated classes; Dark grey: not enough cases after aggregation.

the values of the combined parameters. All classes, where
the expression of only one of the three parameters differed
from the value of the same parameter in the original class by
±1, were added to this class (light grey). The selected factor
combination classes and the respective scaling factors can be
seen in Table 5.

After the aggregation, only three classes (dark grey) re-
mained where, even after adding all cases from neighbour-
ing classes, the number of members was still less than 30. We
concluded that these parameter combinations (heavy contam-
ination in a frequent event) are highly unlikely. For calcula-
tions where such a combination occurred, no scaling factor
was applied (i.e. in the model runs the scaling factor is set
at 1).

4.4 Validation and model comparison

The basic square root, polynomial and linear function models
and their respective versions that include recurrence interval
as well as FLEMOps and its extensions were compared and
cross-validated. Each model was derived 1327 times leav-
ing out one loss case in every run. The error statistics were
calculated for all cases that were estimated by all models (Ta-
ble 6).

The newly developed FLEMOps+r had the smallest ab-
solute and root mean square errors. The absolute value of
the MBE was least for the square root model with sepa-
rate regression functions per recurrence interval class. The
MBE as a signed measure shows whether the models tend
to overestimate or underestimate building loss ratios. The
MBE for most models was quite small, with the exception of
FLEMOps+ which overestimated relative losses to a higher
degree than the other models. Especially models with sepa-
rate functions for each recurrence interval class, but also all
other models showed widely negligible biasing tendencies.

Bias is also one component of the mean squared error (and
hence the RMSE) as the MSE equals the variance of the er-
rors plus the square of the mean error. Therefore by minimiz-
ing the mean squared error, implicitly the bias as well as the
variance of the errors is minimized as well. We interpreted
the RMSE results in Table 6 in the way that FLEMOps+r of-
fered the best “compromise” between reduced error variance
and acceptable bias followed by the square rootT model
(separate functions per recurrence interval class). As the
RMSE is in the same units as the data, i.e. building loss ra-
tios, it gives an impression about the size of a “typical” error.
This is similar to the mean absolute error (MAE). The MAE
for all models is slightly smaller than the respective RMSE,
because the RMSE is more sensitive to and puts more weight
on outliers. The MAE results in terms of model comparison
reproduced the findings from the interpretation of the RMSE.

The average estimation of the relative loss per recurrence
interval class and per water level class was calculated from
the bootstrapped sample for all models. Figures 6 and 7 il-
lustrate the results for the three recurrence interval classes
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Table 6. Error statistics for relative loss estimates of cases estimated by all models.

Models without recurrence interval Models with recurrence interval

linear square poly- FLEMOps FLEMOps linear r square poly- FLEMOps
root nomial + root r nomial r +r

MBE 0.00055 0.00024 0.00027 −0.00037 −0.01576 0.00005 0.00003 0.00018−0.00099
(mean bias error)
RMSE 0.12848 0.12520 0.12534 0.12331 0.12587 0.12406 0.12069 0.12174 0.11790
(root mean square error)
MAE 0.08445 0.08039 0.08048 0.07887 0.08061 0.07978 0.07591 0.07673 0.07302
(mean absolute error)

Bold values: best results
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Fig. 6. Model estimates and interview answers for three recurrence
interval classes.

and the five water level classes, respectively. We plotted
the mean estimates per class against the mean relative losses
taken from the interviews. The error bars give the 95% con-
fidence intervals. Values outside of this range point to an
underestimation or overestimation in the respective classes.

All models without recurrence interval underestimated rel-
ative losses for events with high recurrence intervals and
overestimated losses for more probable events with the ex-
ception FLEMOps+ which overestimated losses for all re-
currence interval classes. This bias could be eliminated by
considering recurrence interval.
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Fig. 7. Model estimates and interview answers for five water level
classes.

To get a more complete overall picture about the perfor-
mance and quality of the different models, the average esti-
mates were also compared to the mean relative losses from
the interviews for all water level classes (Fig. 7).

The results for the water level classes did not show the
clear cut picture as the results for the recurrence interval
classes. The linear models overestimated relative losses for
low water levels and underestimated for the 101–150 cm wa-
ter level class. The square root models as well as the basic
polynomial model overestimated relative losses for moder-
ate water levels (61–100 cm). FLEMOps showed the best
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results. Average estimates by the modified polynomialT

model were also within the confidence interval for all classes.
The FLEMOps+ model showed a tendency to overestimate
for high water levels while FLEMOps+r was the only model
that underestimated losses for low water levels.

The comparison by water level class was closer to a fair
judgement of the performance of the loss models in terms
of estimating losses because water level is considered in
all models. Still, a cautious interpretation of the results
is required because some models, e.g. the basic FLEMOps
model, are based on average losses per water level class and
therefore were highly favoured by this approach. Statements
about model quality that are based on the analysis of the error
statistics give less illustrative but more reliable results.

5 Conclusions

A highly significant positive correlation was found between
recurrence interval and loss extent. This correlation could not
be fully explained by different water levels. Building loss ra-
tios rise with decreasing probability of the damaging flood
event at the object location. Recurrence interval is among
the most important damage influences and hence, loss es-
timations should not apply a uniform loss function to low
probability and high probability flood events.

We could not identify a single or a limited range of the-
matically related parameters that changed with and therefore
could be explained by recurrence interval. In fact, different
parameters contributed to the main principal components that
were correlated with recurrence interval. These parameters
were rather diverse thematically. Recurrence interval char-
acterises flood impact more generally and therefore cannot
replace but complement other main impact and resistance
factors in flood loss modelling. Consequently, recurrence in-
terval should be used as an additional parameter in currently
available loss models. It is easy to obtain from discharge time
series and improves the applicability of models to events of
different likelihood.

The estimation of separate mean building loss ratios for
five water level as well as three recurrence interval classes
and the comparison to the respective mean loss ratios taken
from the interview answers showed that those models, which
consider all combinations of both parameters, produced the
least biased results. Error analysis helped to rate the estima-
tion accuracy of loss models. It showed that including more
damage influencing parameters in loss modelling improves
the accuracy of the estimations, if the interdependencies of
the parameters are incorporated in the loss functions. The
estimation of building losses can be significantly enhanced
if the likelihood of the damaging event is considered in the
modelling approach. The proposed multi-parameter model
FLEMOps+r performs particularly well.

The basic advantage of including recurrence interval is
that the object-oriented estimation of losses is supplemented
by a new dimension on the event scale: so far only the im-

pact and resistance parameters that cause or prevent damages
at the object had been considered in loss modelling, but now
also ever changing flood characteristics are factored to some
extent. Very often there is a discrepancy between the situa-
tion that caused those damages used for model development
and the situation the model is applied to. Considering event
probability reduces this discrepancy.

Employing the proposed model is especially useful if mul-
tiple event scenarios are used e.g. for comprehensive risk
analyses. A set of impact scenarios is often differentiated
by recurrence interval to cover the whole range of possible
events. The estimation of risks should be more realistic if the
loss models consider this differentiation between the impact
scenarios.

The application of the proposed model has implications
for risk management decisions in terms of cost-benefit anal-
ysis as it decreases the tendency of underestimating nega-
tive consequences of extreme floods and hence, increases
the weight of these events in risk analyses. On the other
hand, the influence of long and middle term hazard changes
(e.g. climate induced changes in flood frequency and magni-
tude) is reduced to some degree: high magnitude events that
become more frequent will have lower assigned damages un-
der conditions of rising flood hazard while under conditions
of reduced flood hazard, events of a certain magnitude be-
come less probable and accordingly more damage prone.

Despite the advances in data assessment and model devel-
opment there is still room for future research and improve-
ment. Applying advanced statistical methods could help to
elaborate in detail the complex interactions of damage influ-
ences in general and the connection between flood probabil-
ity and damage generating parameters in particular. Empiri-
cally derived loss models usually suffer from a lack of infor-
mation about damages caused by infrequent extreme events
and hence are not very accurate in estimating the impact of
such events. On the other hand, as it is the case in our data
set, if such an event occurs, it is much more likely that as-
sessment campaigns are set up. In the present data set, fre-
quent events are underrepresented. This data gap could be
closed by establishing a framework for continuously assess-
ing flood losses and thereby creating an up-to-date data set
that describes flood damages in Germany (or elsewhere) rep-
resentatively.
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terium für Umwelt, Raumordnung und Landwirtschaft des Lan-
des Nordrhein-Westfalen, D̈usseldorf, 2000.

Penning-Rowsell, E. C. and Chatterton, J. B.: The Benefits of Flood
Alleviation: A Manual of Assessment Techniques, Gower Pub-
lishing Company Limited, Aldershot, 297 pp., 1977.

Penning-Rowsell, E. C., Johnson, C., Tunstall, S., Tapsell, S., Mor-
ris, J., Chatterton, J., and Green, C.: The Benefits of Flood and
Coastal Risk Management: A Manual (and Handbook) of As-
sessment Techniques, known as The Multi-Coloured Handbook
and Manual., edited by: FHRC, Middlesex University Press,
Middlesex, 2005.

Scawthorn, C., Flores, P., Blais, N., Seligson, H., Tate, E., Chang,
S., Mifflin, E., Thomas, W., Murphy, J., Jones, C., and Lawrence,
M.: HAZUS-MH Flood Loss Estimation Methodology II. Dam-
age and Loss Assessment, Natural Hazards Review, 7, 72–81,
2006.

Siegrist, M. and Gutscher, H.: Flooding risks: A comparison of
lay people’s perceptions and expert’s assessments in Switzerland,
Risk Analysis, 26, 971–979, 2006.

Siegrist, M. and Gutscher, H.: Natural Hazards and Motivation for
Mitigation Behavior: People Cannot Predict the Affect Evoked
by a Severe Flood, Risk Analysis, 28, 771–778, 2008.

Smith, D. I.: Flood Damage Estimation – a Review of Urban Stage-
Damage Curves and Loss Functions, Water Sa, 20(3), 231–238,
1994.

Smith, K. and Ward, R.: Floods. Physical Processes and Human
Impacts, John Wiley & Sons Lt, Chichester, 394 pp., 1998.

Thieken, A. H., M̈uller, M., Kreibich, H., and Merz, B.: Flood
damage and influencing factors: New insights from the Au-
gust 2002 flood in Germany, Water Resour. Res., 41, W12430,
doi:10.1029/2005WR004177, 2005.

Thieken, A. H., Kreibich, H., M̈uller, M., and Merz, B.: Cop-
ing with floods: preparedness, response and recovery of flood-

Nat. Hazards Earth Syst. Sci., 10, 2145–2159, 2010 www.nat-hazards-earth-syst-sci.net/10/2145/2010/



F. Elmer et al.: Influence of flood frequency on residential building losses 2159

affected residents in Germany in 2002, Hydrol. Sci. J., 52, 1016–
1037, 2007.

Thieken, A. H., Olschewski, A., Kreibich, H., Kobsch, S., and
Merz, B.: Development and evaluation of FLEMOps –a new
Flood Loss Estimation MOdel for the private sector, in: Flood
Recovery, Innovation and Response, edited by: Proverbs, D.,
Brebbia, C. A., and Penning-Rowsell, E., Wit Transactions on
Ecology and the Environment, Wit Press, Southampton, 315–
324, 2008.

Thieken, A. H., Seifert, I., Elmer, F., Maiwald, H., Haubrock, S.,
Schwarz, J., M̈uller, M., and Seifert, J.-O.: Standardisierte Erfas-
sung und Bewertung von Hochwasserschäden, Hydrologie und
Wasserbewirtschaftung, 53, 198–207, 2009.

UNISDR: Terminology. Basic terms of disaster risk reduction,
United Nations International Strategy for Disaster Reduction
(UNISDR), Geneva, 2004.

Vogt, J., Soille, P., de Jager, A., Rimaviciute, E., Mehl, W., Fois-
neau, S., Bodis, K., Dusart, J., Paracchini, M. L., Haastrup, P.,
and Bamps, C.: A pan-European River and Catchment Database,
Reference Report by the Joint Research Centre of the European
Commission, JRC, Luxembourg, 120 pp., 2007.

Statistisches Bundesamt: Preise. Preisindizes für die Bauwirtschaft.
Februar 2009, Statistisches Bundesamt, Wiesbaden, 35, 2009.

www.nat-hazards-earth-syst-sci.net/10/2145/2010/ Nat. Hazards Earth Syst. Sci., 10, 2145–2159, 2010


