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Abstract. The derivation of probabilities of high wind of the insured damage (Munich Re, 26p6f all catastrophic

speeds and the establishment of risk curves for storm damageatural events between 1970 and 2004.

is of prime importance in natural hazard risk analysis. Risk In order to better understand the nature of winter storms

curves allow the assessment of damage being exceeded atad their consequences, a risk analysis is needed that allows

given level of probability. to quantify the expected losses. For that purpose, risk is ex-
In this paper, a method for the assessment of winter stornPressed as probability-damage relationship, also known as

damage risk is described in detail and applied to the GerJisk curve representing the damage that is expected to be ex-

man state of Baden-Wttemberg. Based on meteorologi- ceeded at a given annual probability. The corresponding for-

cal observations of the years 1971-2000 and on damage ifnula is written as (e.g. Petak and Atkisson, 1982)

formation of 4 severe storm events, storm hazard and dam-_. -

age risk of residential buildings is calculated on the IevelRISk = Hazard * Vulnerability * Value

of communities. For this purpose, highly resolved simula-jmplying that risk is the combination of (1) a storm hazard
tions of storm wind fields with the Karlsruher Atmospheric function, defined as the probability of exceedance of a given
Mesoscale Model (KAMM) are performed and a storm dam-ying speed, (2) a vulnerability function, combining wind
age model is developed. speed and relative damage and (3) a value function calcu-

Risk curves including the guantification of the uncertain- |ating the absolute monetary loss. Thus, according to this
ties are calculated for every community. Local differences ofdefinition, if one of these latter functions is zero, also the
hazard and risk are presented in state-wide maps. An averisk function becomes zero. An important derivate of the
age annual winter storm damage to residential buildings ofrisk curve is the average annual damage (AAD) that gives
minimum 15 million Euro (reference year 2000) for Baden- the monetary amount that would have to be set aside each
Wiarttemberg is expected. year to cover the full range of future losses up to a minimum
probability level.

The need for such a risk analysis is evident as no quan-
tification of storm damage risk has been conducted so far for
1 Introduction entire Germany. Methods of risk assessment in a single city
(Radke and Tetzlaff, 2004) or integral damage assessmentin
Germany (Klawa and Ulbrich, 2003) are considered first ap-

lantic Ocean and driven by high temperature differences inproaches. However, a Germany-wide nsk_ assessment needs
winter, destructive storms in Europe have rather short retur'€thods that ensure a large-scale and high-resolution anal-
periods of<10 years and often cause widespread, sometime SIS. Furthermpre, the method is limited by the availability
European-wide damage to persons, buildings, and nature. Iﬁnd manageablhty of data. . C
Germany, storms are by far the costliest natural catastrophes, Concerning storm hazard, in recent years, publications

causing more than 27% of the economic and more than 450}ﬂainly focused on the ana_lysis of individual storm events
g ° ?Goyette et al., 2001; Ulbrich et al., 2001) and on inves-

tigations of climatological aspects (Schiesser et al., 1997,

Born from disturbances of low-pressure regions over the At-

Correspondence td?. Heneka
(heneka@ifh.uka.de) IMunich Re, personal note, unpublished, 2005.

Published by Copernicus GmbH on behalf of the European Geosciences Union.



722 P. Heneka et al.: Storm damage risk assessment in Germany

Lamb, 1991). Existing hazard maps are predominantly base@.1 Hazard model

on wind information from observational weather stations

combined with spatial interpolation methods (Klawa, 2001; Detailed climatological information about the occurrence of
Kasperski, 2002). Based on data related to the wind engusts associated with storms are only available at about 100
ergy distribution, a more regionalized and interdisciplinary weather stations in Germany. In order to gather information
approach using statistical-dynamical downscaling methodsat all the other sites, it is assumed that the highest annual
combined with methods from wind engineering became pop-wind speed at every site occurs during the strongest annual
ular (Mann et al., 2002; Troen and Petersen, 1991). storm event that affects a region. Due to their large spatial
Sextension, exclusively winter storms (September—April) are
chosen by Kalthoff et al. (2003), who combined clima- analysed. Local storm events such as thunderstorms, torna-

tological data from ground-based weather stations with a00€S and severe down-slope winds are not considered.
mesoscale numerical model in order to assess the regional FOr €ach year during the period 1971 to 2000 the strongest
effects of large-scale extreme wind events in the closef€Vents are identified. Instead of simply interpolating mea-
surroundings of the Black Forest. Useful climatological SUred wind speeds, the corresponding wind fields are mod-
sources on a global scale are, for example, the re-analysi%_"ed by a numerical mesoscale model with a spatial _re_solu-
projects carried out by the National Centres for Environmen-ion of 1 kmx1km. With the use of extreme value statistics,
tal Prediction, the National Centre for Atmospheric Research1@zard curves are computed for every grid point of the raster
(NCEP/NCAR) and the European Centre for Medium RangeP@sed on the 30 annual maximum wind speeds.
Weather Forecast (ECMWEF). )

2.1.1 Storm detection

Research on vulnerability functions for the existing build-

ing stock basically began in the 1970s with a detailed anal-geyeral years of observational data are necessary to anal-
ysis of damage caused by cyclone Tracey in Australia (Leygse extreme wind events and to detect the strongest past
icester and Reardon, 1976). Since then, a multitude of dif-gyorm events in an area of investigation. For climatologi-
ferent functions dividable by the kind of modelling were de- .5 sy dies, ground-based weather information from synoptic
veloped. Most models were acquired empirically by fitting \yeather stations provide the most powerful data sets of long-
simple functions to damage data (e.g. Sparks et al., 1994 time series. Especially for industrialized countries, a
Dorland et al., 1999; Munich Re, 2001). The functions haveg,tficient number of long-term time series are available.

the disadvantage that extrapolation to higher wind speeds is |} 4 frequency and intensity of storms during the period

not satisfactory, as they are not based on physical Processesqy71 1o 2000 are analysed in order to identify the main storm

In contrast to empirical approaches, it was tried to CONStruCk ot in the area investigated. This was done by creating an
deterministic models (e.g. Unanwa et al., 2000; Pinelli et al.,

200 h . v ref he US and (i{l:ldex of storm strength for each storm event. The indices are
4). However, these projects only refer to the US and nee e sum of the normalized wind speeds measured at the se-

Iarg.e amounts of spemﬁg building mformg‘gon that is ot 60404 weather stations. Normalization was carried out with
a_lvallable on a large scale in Ggrmany. Adc_ht_lonally, StOChaS'the maximum wind speed recorded at the respective weather
tic models were proposed (Roetzand Tajvidi, 1997; Katz_, Station. Weather stations which data sets lack consistency, in
2003) applicable for the assessment of overall damage dIStrIépite of the fact that the routine meteorological observations

putipns. .A detailed review of some further damage functionsare presumably performed according to common WMO stan-
is given in Heneka and Ruck (2004). dards, are not considered.

Summarizing, it can be stated that for our purpose of a
Germany-wide risk assessment neither an existing hazard.1.2 Modelling of the wind field
model nor a vulnerability model can be used without ma-
jor adoption. In Sect. 2, we describe our methodology to-The wind close to the earth’s surface is strongly influenced by
wards a countrywide risk analysis. Application to the Ger- a broad range of associated mechanisms related to orography
man state of Baden-Wttemberg for hazard and risk assess- and land use. The local or regional meteorological variables,
ment is demonstrated in Sect. 3. especially the wind field over complex terrain, may largely
differ from those on the large scale (Whiteman and Doran,
1993; Adrian and Fiedler, 1995). Consequently, during the
last decades, mesoscale atmospheric models were developed
to study these effects. Whereas the spatial horizontal res-
olution of global weather models is50 km, the resolution
of mesoscale models goes down to 1 km or less. Comprehen-
According to the above given definition, the storm damagesive reviews of the boundary-layer meteorology and the wind
risk model mainly consists of two sub-models: the hazardflow over complex terrain are provided by Meroney (1990)
model and the vulnerability model. and Carruthers and Hunt (1990) among others.

An approach similar to that presented in this paper wa

2 Storm damage risk model development
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The presented .paperw.lll mainly foc_:us OI’.] the spa}tlal dIStrI'Table 1. Gust factors depending on land use (Used sources:
bution of the maximum wind speeds in a high spatial resolu-yieringa, 1986: Drimmel, 1977; DIN 1055-4, 2005).

tion of 1 km. For this purpose, the nonhydrostatic “Karlsruhe
Atmospheric Mesoscale Model” (KAMM) is used. The nu-

. . . vegetation gust factor
merical model describes the atmospheric processes based on
the three fundamental equations of physics, the equations water 1.40
of momentum, continuity, and energy. Special features of rock, sand, wetland 1.45
the model are the interrelation to a basic state, the terrain- grassland .50
following eta-coordinate system, and the inelastic approxi- field 1.50

. S deciduous forest 1.65
mation for _flltermg sound waves. _Due to the huge compu- mixed forest 170
tation requirements, the model is implemented on a vector- coniferous forest 1.75

parallel supercomputer (VPP5000). For more details con- built-up area 1.85
cerning model architecture and model quality it is referred to
Adrian (1994) and Kalthoff et al. (2003).

Modelling the wind fields of past storm events, as noted

above, requires the availability of initialization fields of the o
most important atmospheric variables, such as geostrophih”at'on is performed for the selected storms where the mod-

wind, temperature, humidity, pressure and stratification ofélled wind speeds were forced to keep track to the nudging
the atmosphere. Therefore, a basic state is introduced frorfie!d- The final model output is a highly resolved data set of
a large scale model or even more simply from data of ra-the wind field at the moment of the strongest winds. Note
diosondes.. The method is applied to the ERA40 reanalysi€dain, that due to the grid raster of 1km, orography and land
data set of the ECMWF. The reanalysis project of ECMWF US€ are smoothed and thus, the output wind fields are gener-
supplies a comprehensive set of global analyses describingliS€d compared to wind fields over real terrain.

the atmospheric conditions for the time period from 1957 to

2002 with a spatial resolution of 2.%nd a temporal reso- 2.1.3 Gust wind speed

lution of 6 h. For more details, the reader is referred to the

various reports of the ECMWF (e.g. Simmons and Gibson,\jesoscale models are yet not able to reproduce fluctuations
2000). The advantage of the ERA40 data set is the globals the wind speed. They only represent grid scale wind

availability of a homogenous data set for a climatologic rel- speeds with averaging times of about 20 min to 1 h (Panofsky
evant period and a better spatiotemporal differentiation than,nq putton 1994). This is due to a common lack of numer-

using only the information of a single radiosounding. Due jca| models, where turbulence closure schemes are used to
to the coarse spatial resolution of the ERA40 dataset comiymylate the equations of motion.

pared to current operational global models, it is not possible

to cover the dynamical aspects of a storm both in time andfa(;gzioatrﬁet\gi?nrgltr;;lﬁ;r:jagvi:dpspr%acnezict;c;a:ap:ong\t
space from these initialisation fields. Here, the model is con-, P - Aphy pp

fined to describe stationary conditions and focus only on theIIke the method of Brasseur (2001) or empirical gust factors

wind pattern modified by small-scale terrain variations. TheWhICh are proposed in design codes like the German building

tracks of the individual storms in their temporal evolution code (DIN 1055-4, 2005).
and structure are not simulated. As the implementation of Brasseur’s method into the nu-

An optimal interpolation procedure is performed to the re- merical model is still under way, preliminary values of gust
analysis data for generating high-resolved initialisation fieldsfactors from literature (Wieringa, 1986; Drimmel, 1977; DIN
of the model. The low temporal and spatial resolution of the1055-4, 2005) are connected with the mean wind speeds.
global reanalysis model will likely cause a major problem for These values are adjusted to the available data set of rough-
the simulation of the wind fields, with respect to both its in- Ness length and are complemented with observed gust factors
tensity and spatial distribution. Consequently, nudging tech-2t several weather stations (Table 1). The roughness length
nique is used to adjust the wind field to the values measuredalues are derived from the CORINE (CoORdination of IN-
at weather stations located in the area investigated. NudginéPrmation on the Environment) land cover data, which gives
is a weak relaxation towards an atmospheric reference stat@n European-wide overview of land use with a defined min-
The nudging term should be large enough that it has an effedfMum size of 0.25kr. The original 44 categories are re-
on the solution, but small enough so that it does not dominatéluced to 8 main categories. For each grid cell (&kikm),
over other terms (Stauffer and Seaman, 1990). the majority land use category is calculated.

The nudging field consists of the basic state and a distance In Table 1, the gust factor is defined as the relationship
weighted factor resulting from weather stations located in thebetween the average wind speed over a time period of 20 min
area investigated. The factor is calculated by the differencdrom the model and the maximum peak gust averaged over a
between modelled and observed wind speeds. A second sinperiod of 3s at 10 m above ground level.

www.nat-hazards-earth-syst-sci.net/6/721/2006/ Nat. Hazards Earth Syst. Sci., B332D06
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G4A the 30 storm simulations. The method estimates the sampling
distribution of an estimator by resampling with replacement
11 from the original sample.

2.2 Vulnerability model

a(v) The vulnerability of a structure is the link between the storm
event and the consequent damage to specific structures and
is expressed by damage functions. Generally, meteorologi-

I cal, structural, topographical, and social factors are of prime

0 | I 1 > importance for storm damage. As damage information are
Vet Viet mainly given by insurances, additionally, economic and ac-

tuarial parameters affecting seriously the amount of loss have

Fig. 1. Ratio of damage to maximum possible dama@dor a  to be taken into account. It is most common to use the wind

single residential building as a function of the maximum gust wind speed as a variable and other factors as parameters in damage

speed V during storm events. functions. However, due to the limited data available, most
damage models published do not have additional parameters.

2.1.4 Calculation of extreme events 2.2.1 Storm damage model

Based on the 30 annual values of maximum wind speed com
puted at each grid point with KAMM, mesoscale climatol-
ogy is calculated using the classical extreme value theor

in this section, a statistical approach in order to relate wind
speed and damage is presented which is similar to the
) . . R Ystatistic-deterministic storm damage model of Sill and Ko-
The “Generalized Extreme Value” (GEV) distribution (von Zlowski (1997). For two damage values, 1.) the ratio of af-

Mises, 1954) is a family of continuous probability distri- fected buildings RAB; affected buildings to total number
butions developed in the extreme value theory to combine f buildi ithi - 23 th :
the Gumbel, Fechet, and Weibull families, also known as of buildings within a region) and 2.) the damage raaq,

. : o monetary damage to total value of buildings within a region),
Fisher-Tippett Type |, II, and IIl extreme value distributions a calculation method based on logical assumptions is devel-
(Palutikof et al., 1999; Embrechts et al., 2003).

] S SR . oped.
The cumulative distribution function is defined as The wind damage model is based on the following hypoth-
F(x) = exp—(1 — ky)Y¥], 1) esis: Let be the maximum wind speed during a storm event.
A structure suffers damage, if is higher than the critical
its inverse function is written as wind speedit. The latter is the wind speed, at which dam-
o { 1\ age to a structure occurs for the first time. Maximum dam-
vip)=B+-—-311- [— In <1 — —>] } (2) age is reached at wind speeds higher than the structure’s total
k wind speedvr. At wind speeds between these limits, dam-

Whereas Type | and Type Il are unbounded, Type IiI is @9€ can be expressed by a functig). For every single
bounded at the upper end. The most common numericapuilding, the damage ratiG (Fig. 1) is therefore written in

methods to determine the parameters, andk for the in-  S€ctions as

verse cumulative distribution function (Eq. 2) are the Prob- 0, v < vgit

gbility Weighted Moments (PWM) and the Maximgm Like- G (v, verit, viot) = { g(v), Verit < v < Vot (4)
lihood (ML) solutions. The results may be sensitive to the 1, ver<v

chosen estimation procedure and distribution. S _ .
For the distribution of Gumbek&0), the inverse cumula-  For reasons of simplicity, the damage propagation function

tive probability is given by g(v) is supposed to be proportional to the wind flow with a
power coefficientx. In Eq. (5) ata=2, damage would be
v(p) =B —aln[-In(1-p)], (3)  proportional to the force of the wind flow. At=3, it would

wherev(p) is the wind speed that is exceeded at the probabil-be proportional .to' the energy'of the wind flow. In general,
ity level p during a time period of one year. This relationship 2Ny more sophisticated functiggtv) could be used when
is called the wind hazard curve and calculated for every gridfurther information on damage propagation is available.
point of the area investigated. v — verit \*

In order to calculate the precision of the estimated distri-& (v, Verit, Vtot) = (—) (%)
bution parameters and the confidence intervals of the hazard Vot et
curves the method of bootstrapping described by Efron andue to variable building quality and maintenance, the criti-
Tibshirani (1993) is applied to the modelled wind speeds ofcal wind speeds of buildings within a population of buildings

Nat. Hazards Earth Syst. Sci., 6, 72B3 2006 www.nat-hazards-earth-syst-sci.net/6/721/2006/
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will not be equal. They will rather be distributed somehow.
In our case, it is assumed thati; follows a normal distribu-
tion f (verit) with a mean critical wind speedyi: and a stan-
dard deviatiorwit — in contrast to Sill and Kozlowski (1997)
who used triangular distributions to estimate this variability.
Thus, the ratio of affected buildings to the total number of
buildings is calculated as

fA

(6)

[
»

RAB(v, f(verit) = / S (erit) dverit

M crit \Y)

V crit
which equals the cumulative density functic@RF) of f Fig. 2. Assumed normal distribution of critical wind speeds in a
(Fig. 2). In this distribution ucrit corresponds to the gust population of buildings. At a given maximum gust wind speed
wind speed at which 50% of the buildings in the population the ratio of affected buildings is computed as the grey area.

are damaged. The two parameters of the distribution have to

be adapted to fit the damage data available.

The total wind speeds; are also distributed, for simplic-
ity we assume a distribution correlatedutg;; in such a way
thatvor—verit=Av is constant for every building. Further on, Risk is defined as 1.) the number of damaged buildings and
assuming the same damage propagation characteristics add) the monetary damage to buildings within a population
an average value of the maximum damage for all bui|dings’0f residential buildings (in our case we compute the risk for
the damage rati® R for an amount of buildings as a function communities as smallest administrative areas in Germany)

of the maximum gust wind speed v can be calculated to that is exceeded at a certain level of probability during one
year. In Eqg. (8), the rislR is calculated for each community,

combining the specific hazard curvép) with the commu-
nity’s vulnerability functionD R and total assetd (number
or total value of buildings).

2.3 Risk calculation

DR, f(verit), Av, a) = / S (erit) G(v) dgrit (7)

R(p) = DR(v(p)) A €

o As a result, a specific risk curve is assigned to every com-
the total number of damaged t_)u!ldmgs and the damage Sun]hunity. The area of a community is small enough to assume
RAB . and DR have to be multiplied by. the total number of constant storm hazard (also possible are postal code areas).
buildings and the total value, respectively. The total ValueHowever, for a risk assessment for larger areas such as dis-
of private residential buildings in communities is estimatedtricts one would have to use other methods (e.g. Huang

by Kleist et al. (2006) and equals the replacement costs Wit5001) in order to take into account the probability of the
reference to the year 2000. spatial extend of wind speeds. For instance, storm events

Again, the damage propagation functigtv) and distri-  generally consist of wind speeds of varying local exceedance
bution function f chosen forvit are first approaches and, nopanilities.
hence, subject to inaccuracies. Within this mathematical anqther basic risk value is the Average Annual Damage
framework, any function or distribution can be used. (AAD) which is calculated by integrating the risk curve R
over the annual exceedance probabilities.

Here, the parameteXv has to be adapted to fit the damage
data, assuming that in Eq. (5) is fixed. In order to obtain

2.2.2 Implementation of further parameters

1

/ R(p)dp

P=DPmin

To describe damage in more detail, it would be desirable togap =
have different damage functions for different types of build-

ings or different exposures. The influence of these additional
parameters has to be quantified. For example, Sill and KoThis sum has to be spent every year to account for all fu-
zlowski (1997) and Khanduri and Morrow (2003) proposed ture losses up to an individual event probabilityin. This
additional curves for different types of buildings, Schraft et ower probability level depends on the available storm hazard

©)

al. (1993) for storm duration.
In our model, ierit, ocrit @and Av will simply have to be

curves. Thus, more extreme events with lower probabilities
are not taken into account. Note that within these simple risk

adapted to fit the data classified by the parameters investidefinitions, neither financial nor actuarial aspects are consid-

gated.

www.nat-hazards-earth-syst-sci.net/6/721/2006/
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ﬁmﬁg@em Table 2. List of the strongest storm events per year in southwest
{ }q | Germany with respect to the applied normalisation method.
Rheinland-Pfalz B &
oWesinbie é:, \
i A:'.'Oehringen \\ Normalisation: maximum wind speed  Normalisation: 98%-percentil
\;\2{ | Rank Index Date Rank Index Date
+ 49700
1 129 28 Feb 1990 1 275 28Feb1990
] 2 126 26 Dec 1999 2 271 26 Dec 1999
Stostien” 52, 7 3 123 13 Nov 1972 4 251 13 Nov1972
4 121 01 Feb 1983 5 247 01Feb1983
5 120 02 Jan 1976 7 246 02Jan1976
6 120 09 Dec 1993 6 247 09 Dec 1993
Laupheim 7 119 23 Nov 1984 3 252 23Nov1984
pv—— * N 8 11.0 24 Mar 1986 12 222 24 Mar 1986
R +M§wwﬁ 9 107 13 Mar 1992 14  21.7 13 Mar 1992
DI ) aml ¢ | 10 106 10 Dec 1979 8 227 10Dec 1979
- 3 11 106 26 Jan 1995 9 224  26Jan1995
a0 e 12 105 16 Jan 1974 11 222  16Jan 1974
L (B | 13 105 28 Jan 1994 16 214  28Jan 1994
|| oo | i = Sy § 14 103 28 Oct 1998 10 224  280ct 1998
I []1201-1401 0 15 30 60 90 120 15 10.3 16 Dec 1982 13 21.9 16 Dec 1982
16 9.6 18 Nov 1971 15 215 18Nov1971
. . PRTRR 17 9.5 25 Mar 1988 20 204 25 Mar 1988
Fig. 3. The area under investigation in south-west Germany. 18 o1 29 Oct 1996 7> 108  290ct 1996
19 9.0 12 Nov 1977 21 204 12 Nov 1977
20 8.8 03 Jan 1981 17 212  03Jan 1981
3 Application of the model to the German state of 21 8.3 03Feb1980 28  16.3 29 Mar 1980
Baden-Wurttemberg 22 8.0 29 Jan 2000 23 18.4 29 Jan 2000
23 8.0 25 Feb 1997 27 16.6 25Feb 1997
24 8.0 12 Nov 1973 26 167 12 Nov 1973
3.1 Hazard assessment 25 74 03Jan1978 24 182  03Jan 1978
26 6.8 28 Mar 1987 25 17.0 28 Mar 1987
Due to the large extensions of storms and the limited calcu- 2/ 68 14Dec1989 19 205 14Dec 1989
. . . . S 28 5.6 03Jan1991 18 21.0 19 Dec 1991
!atmg capamty_, the investigated area of Germqny is divided  ,4 55 05 Nov 1985 29 155 05 Nov 1985
into 6 sub-regions. Each sub-region has a size of approx. 3p 5.0 29Nov1975 30 12.4 07 Jan 1975

300x 300 grid points. Each grid point represents an area of
1kmx1km. The method described in Sect. 2.1 is first ap-
plied to the state of Baden-imttemberg situated in South-
west Germany. This region is characterised by complex ter-
rain with two low mountain regions with elevations up to

1500 m above sea level (Fig. 3). . _
From these data, the frequency and intensity of storms are

3.1.1 Storm detection analyzed to identify the main storm event for each year. In
Table 2, the strongest storm events in Badearfémberg

The German Weather Service (DWD) provides data of thefrom 1971 to 2000 are shown. The most severe storm identi-

daily maximum gust speed at about 20 different stations from€d iS gale “Wiebke” in 1990. It outmatches the more dam-

1971 to 2000 in the area investigated. Additionally, hourly 29ing évent “Lothar” in 1999 because of the larger extension
data of these stations as well as data from radiosoundings iR the storm field. For comparison also the storms, their rat-

Stuttgart are taken into account. The data were thoroughly"9S @nd indices produced using the 98% percentile values

analysed in order to exclude error measurements and guszr the normalisation are shown. The detected storms for the

associated with other storm types such as thunderstorms. Agvole period only disagree in 3 of the 30 years for the two
ditionally, stations showing severe inhomogeneities are noflifferent methods. In this work, the normalisation with the

considered. Nearly all weather stations are affected by inhoMaXimum wind speed is preferred. For this reason, the im-

mogenities like changes in measurement levels, the replac@aCt of the st_rongest event to the total sum is the same for all
ment of old instruments, relocation of the weather station andV€ather stations.

roughness changes in the nearer surrounding of the station.

The most severe ones are relocations (e.g. Ulm from the edge Almost all detected events exhibit wind directions ranging
to the top of the Kuhberg) and the change in measuremenfrom northwest to southwest. No relevant storm event with
level (e.g. Karlsruhe from 10 m height to 48 m height). easterly wind directions was detected in that period.

Nat. Hazards Earth Syst. Sci., 6, 72B3 2006 www.nat-hazards-earth-syst-sci.net/6/721/2006/
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ERA-40 reanalysis level: 500 hPa (5500 m agl) !
January 24, 1994 MSLP [hPa], wind speed [m/s] 20! total: 512 k total: 29
mean: 1.62 mean: 1.65
stdev: 0.17 stdev: 0.18
R
S5l ,
I Above 500 g>>‘ _
Bl 450-500 S
- I 400-450 =}
S 507 [ ] 350-400 g =
[ ] 300-350 & 10r 1
[] 250-300 (4]
[ 200-250 5
] 150-200 ©
] 100-150 o
[ 5.0-10.0 5r 7
B Beow 50 H
— I ! 1 15 2 2.5
KAMM simulation simulation time: 180 min gust factor
January 24, 1994 wind speed in m/s (10 m agl)
R 5
% Fig. 5. Relative frequency of gust factors at the weather station of
: Sthtten during extreme storm events in the years 1952-2004 (grey
bars) and during the most severe storms per year in the period from
] Bl Avove 27.0 1971 to 2000 (black bars).
160 Bl 260-270
£ i Bl 250-260
~ E [ ] 240-250 .
1203 [ ] 230-240 3.1.3 Gustwind speed
1 [ ] 220-230
80— [ 210-220 .
Vel Lol [ 200-210 The output of the mesoscale model are average wind speeds.
402}". b (M0 TSEo % oo a0 The maximum gusts are calculated using the gust factors of
s i SR s N R Bl seow 180 Table 1 The problem of using these gust factors is obvious
40 ‘8‘0‘ ‘ 1;() ‘ 1(‘50 ‘ from Fig. 5. The values of the gust factors at the weather sta-
- tion SHtten cover a broad range during various storm events.

There are no relevant differences in observed gust factors be-
tween the consideration of the extreme storm events in the
years 1952 to 2004 and the most severe storms per year in
the period from 1971 to 2000. Predominantly land use at the
3.1.2 Modelling of the wind field station Sbtten is grassland. The theoretical roughness pa-
rameter with a value of 1.5 (Table 1) slightly underestimates
The spatial distributions of the maximum wind speeds arethe observed one (1.62). As the hazard model is subjected
simulated for the annual strongest storm events. Typical timgo uncertainties that are due to the application of coarse spa-
steps of the simulations are in the range of a few seconds. tiotemporal data and the model representation of the storms,
An example of a model result is shown in Fig. 4. The ini- guantification of uncertainties is a key issue in assessing the
tial values of the ERA40 data of gale “Lore” on 28 October qua”ty of the modelled wind Speeds_ To check the robust-
1994 can be seen in the left part of the figure, whereas th@ess of the hazard model, a total of 420 samples are taken for
right part shows the model result of KAMM. The data refer comparing the simulated with the measured gust speeds at
to a height of 10m for the model simulation and a height ground-based observation stations. For the measured wind
of about 5500 m (500 hPa) for the ERA40 data. The windspeeds the maximum daily gust are used. In general, the
field pattern from KAMM is highly influenced by the orog- simulations and observations are in good agreement (Fig. 6).
raphy and the initial wind field pattern of the reanalysis data.LOW wind Speeds are overestimated by the model. Remark-
Hence, the highest wind speeds are simulated over the nortfp|e is the overestimation of a chain of samples showing sim-
and over the low-range mountains. For the nudging field, in-ylated wind speeds in the range of 26 m/s to 34m/s. This

formation from the weather stations of Stuttgart, Trier, andanomaly refers to the station of Freudenstadt and is discussed
Feldberg are used in order to adjust the wind field to the val-in detail in the next section.

ues measured at these locations. At weather stations used for

validation, the typical values of the simulated to the observed3.1.4 Calculation of extreme events

wind speed are in the range of 40% to 150%. When applying

the nudging technique, the differences are reduced and rangeo determine the extreme wind climatology for the area
between 75% and 125%. of Baden-Wirttemberg, the Gumbel distribution function is

Fig. 4. The model simulation by KAMM (above) is subject to the
boundary conditions of the ECMWF global model (bottom).
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Fig. 6. Comparison of 420 samples with respect to the gust speed . . . :
measured at 14 ground-based weather stations and modelled gu];?r comparison, the nearest located grid point to the weather station

speeds of the nearest located grid point. s used.

‘ ‘ exceedance probabilities smaller than0.005 (Fig. 7). A
_ ,\Fgﬂgﬁgm:%%@% detailed comparison between simulation and model data is
Stuttgart +95% p presented in Fig. 8. Whereas the hazard curves of both data

at the stations of Lauphein®hringen, and Klippeneck are
in good agreement, which is not the case for Freudenstadt.
Both hazard curves are even located outside the confidence
intervals of the other ones. This is an indication of over-
estimated simulated wind speeds downstream of the Black
Forest mountains. The reason for this is a systematic over-
, estimation of the wind speed in the lee of the Black Forest
mountains which may be a consequence of the large nesting
step performed to the ERA40 reanalysis data set.

The hazard map (Fig. 9) displays the spatial distribution

annual probability of exceedance p

3 period: 1971-2000 of the maximum wind speed with an exceedance probabil-
1059 30 40 50 60 70 ity of 0.02 per year (this equals a mean return period of 50
gust wind speed [m/s] years). Regions with statistically very high wind speeds are

_ _ _over the low-range mountains and especially at the top of the
Fig. 7. Gust speeds depending on the annual exceedance probabilityijis a5 well as along ridges, where the values are often above

below p=0.002 threshold for the locations of Feldberg, Mannheim, 50 m/s. The lowest wind speeds with values below 28 m/s are
and Stuttgart. The solid black line shows the lower end of the curves :

corresponding to thep=0.005 level used for the hazard and risk expected in the valleys of the Black Forest.

calculations. -
3.2 Vulnerability assessment

used to fit hazard curves to each grid point using the data 08.2.1 Calibration

the simulated wind fields. It should be pointed out that any

conclusion from the statistical analysis is subject to the un-In order to use the vulnerability model for damage assess-
certainties of the extrapolation and the physical limits. Tak-ment in Baden-Wirttemberg, it is calibrated with recorded
ing into account this certainty and the limited length of the loss data of four past storm events (Lothar, 26 December
data series of 30 years, it is not reasonable to extrapolate td999; Lore, 28 January 1994; Wiebke, 1 March 1990; Winter
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Table 3. Coefficients for the storm damage model (standard devia-
tion in brackets).
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storm 24 March 1986) provided by the SV building insurance _ : _ _
company Stuttgart. The data reflect the number of claims and 1999 1994 1990 1086
the losses due to storm damage of residential buildings for storm

every postal code zone and storm. As a storm insurance was ) _
obligatory in Baden-Wirttemberg and offered exclusively by F9- 10. Total number of claims and total damage in Baden-
the monopolist up to 1994, the data available are SufficientlyWurttemberg for the investigated storm events as provided by in-
representative. This holds also for the 1999 storm as the gyurance data and by model output,

Stuttgart still held by far the largest share in terms of storm
insurance cover.

All values are adjusted with respect to inflation and devel-
opment of the total number of buildings. The dimensionless
values of damage ratid(R) and ratio of affected buildings
(RAB) are defined as follows

Figure 10 shows a data-model comparison of the total dam-
age in Baden-Wirttemberg for every storm. The strongest
storm event is slightly underestimated, while the two medium
events are overestimated. The corresponding damage func-
tions are presented in Fig. 11. Here, also the median and the

Loss+ deductibles 5% and 95% percentiles of the insurance damage data are
~ Total insured sum (10) shown. The two percentiles limit the region in which 90% of
the data points are located. This gives an impression of the
RAB Claims (11) large variability of the damage data. The damage model fits

the median data very well. By introducing an artificial uncer-
tainty — by random variation of the parameteyi; —, also the

In these equations, all losses and claims that occurred duringercentiles can be estimated sufficiently for b&h B and
the storms are assumed to have been recorded. Additionallyy R.

deductibles paid by the insured are considered in the calcula-
tion of the damage ratio in order to estimate the total damage3.2.2 Parameters other than wind
The gust wind speeds for every postal code area and storm
are calculated with KAMM and taken directly in the build-up It would be desirable to introduce additional parameters in
areas. the wind damage model in order to explain the variation of
The coefficientgicit, ocrit, and Av for the model are ob-  the damage data. Unfortunately, no quantitative information
tained by least-square regression (Table 3). The model is adwas available for most of the typical parameters, e.g. building
justed to fit the total damage of the storm as well as possibletype or age, storm duration or precipitation. For the influence

~ Total number of buildings
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Fig. 11. Storm damage functions for the ratio of affected buildings ] o
(RAB) and the damage ratid(R) in relation to gust speed. The Fig. 13. Example of risk curves for the number of affected buildings
model is marked by the lines, the insurance data by diamonds angnd loss for the city of ibingen. Only private residential build-
circles. Note the strongly increasing trend of damage with higherin@s are considered. Below an exceedance probabilify=6£005

wind speeds and the large variability of the damage data. (equals to a mean return period of 200 years), the extrapolation is
not applicable due to the limited historical data (30 years of wind

speed data).

N N
6] 6]
5 5 For this project, vulnerability is reduced to the relation-
2 £ ship between gust wind speed and median damage to pri-
2 2 vate buildings, with an additional estimate being given for
% o5 1 15 2 % o1 o0z 03 04 the model uncertainty.
damage [million Euro] - storm 1999 damage [million Euro] - storm 1990
800 400
] del ] del j i
Y oo o Mode 2 500 B Mode 3.2.3 Derivatives from the model output
S B
g 5% For the validation of the model, it is useful to compare deriva-
£ £ . . . .
2 2 10 tives from the output directly with the insurance data. The
T ra—— 0 o0l oor o ooa damage histograms of the 4 investigated storm events are
damage [million Euro] - storm 1994 damage [million Euro] — storm 1986 p|otted in F|g 12. The number of posta| code zones in the

damage classes of the model and the data correspond well
F_ig. 12. Comparison of model_output apd damage data in damageynq give an impression of how damage of storm events is
histograms for 4 storm events in Baderiiifemberg. distributed. Most of the damage is light. The correlation of

the distribution of observed and simulated damage for the ra-
of topography, the damage data were analyzed and a relatiorio of affected buildings (damage ratio) for the 1999 event is
ship between topographic exposure and damage was foun@ 75 (0.61), for the 1994 event 0.23 (0.12), for the 1990 event
(Heneka and Ruck, 2086 However, as the majority of 0.38 (0.29) and for the 1986 event 0.21 (0.19). The correla-
communities are situated in topographically neutral terrain,tion of DR is always belowk A B. For the major event 1999,
the results did not significantly increase the accuracy of thewind speed as model variable already explains 75% (61%) of
model. This is mainly due to the fact that the most importantthe variability. However, for the minor events, the correlation
parameters (e.g. type of buildings) could not be considered.is fairly satisfying. The reason for this behaviour is that it is
not possible to determine exactly the start of damage at lower

2Heneka, P. and Ruck, B.: Topography effects and storm damWind speeds what is resulting in larger differences between

age — an analysis of storm damage of past storm events, J. Win@bserved and simulated damage. At higher wind speeds, the
Eng. Ind. Aerod., in review, 2006. influence of this error becomes smaller.
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Fig. 14. Storm risk map of private residential buildings in Baden- Fig. 15. Same as Fig. 14 with normalisation of values with the
Wirttemberg. The map shows the loss in million Euro at an annualreplacement costs in every community.
probability level of p=0.01. This means, there is a 1% chance of
the given value being exceeded during a period of one year.
ation of these parameters is simulated as a random process
following normal distributions. The Monte Carlo simulation
The fact of light damages is also reflected by the averagés repeated 1000 times for every level of probability.
damage for a building. For the three events in 1999, 1994, An example of a risk curve is shown in Fig. 13. The me-
and 1990, the average damage was between 1350 and 15%hn curve represents the most probable damage estimate.
Euros, while the model calculates 1500 Euros. For the 198&oncerning the uncertainty, with a chance of 16 and 84%,
event the model slightly overestimates (1100 Euros) the avrespectively, the percentile curves are the estimates for the
erage damage of 1000 Euros. upper damage bounds.
These calculations show that the model already provides As an example of a risk map of BadeniWtemberg
a good estimate for the overall damage values. However(Fig. 14), the average loss is visualized, which is exceeded
the estimate of single communities still is subjected to partlywith an annual probability of=0.01 within a time period

large uncertainties. of one year. The damage reaches from several 10 000 Euros
to more than 10 million Euros depending on the hazard ex-
3.3 Risk assessment posure and the total assets of residential buildings. As most

assets are concentrated in urban city areas, loss is highest in

In a final step, risk curves are calculated for every commu-these communities.
nity. Risk curves combine the exceedance probability of haz- Figure 15 shows the ratio of the annual loss with the ex-
ard curves with the associated damage of the vulnerabilityceedance probability=0.01 to the total assets of residen-
model. Thus, they provide the damage to private residential buildings. Consequently, the overwhelming effect of the
tial buildings in communities caused by severe wind gustsamount of assets present at the various locations is ruled out.
exceeding a certain level of probability. The northern and eastern part of the Black Forest as well as

For the calculation, a Monte Carlo error propagation tech-the north-east of Baden-tivttemberg are the regions with
nique is used in order to additionally estimate the uncertaintyhighest storm damage risk.
Input parameters for every probability level are the hazard The annual average damage for every community is cal-
wind speedv(p) and the critical wind speedcit. The vari-  culated according to Eq. (9). As the risk curves do not go
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beyond the probability 0p=0.005, it is also calculated with between the GeoForschungsZentrum Potsdam (GFZ) and the
this probability level. Consequently, the average annual damTechnical University of Karlsruhe (TH). We thank the GFZ
age is underestimated as less probable events are not coRotsdam and the TH Karlsruhe for financial support. The paper
sidered. The aggregation of alAD of the communities benefited from the comments of three referees.

in the state of Baden-Wfttemberg results in an overall an- ) _

nual damage of 15 million Euros. As the state hosts ap--d/ted by: A. Thieken .

. Reviewed by: J. Stuck, U. Ulbrich and two other referees
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Germany-wide AAD of 100 million Euros can be estimated
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