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Abstract. Extreme wind speeds and related storm loss po-
tential in Europe have been investigated using multi-model
simulations from global (GCM) and regional (RCM) climate
models. Potential future changes due to anthropogenic cli-
mate change have been analysed from these simulations fol-
lowing the IPCC SRES A1B scenario. The large number
of available simulations allows an estimation of the robust-
ness of detected future changes. All the climate models re-
produced the observed spatial patterns of wind speeds, al-
though some models displayed systematic biases. A storm
loss model was applied to the GCM and RCM simulated
wind speeds, resulting in realistic mean loss amounts cal-
culated from 20th century climate simulations, although the
inter-annual variability of losses is generally underestimated.
In future climate simulations, enhanced extreme wind speeds
were found over northern parts of Central and Western Eu-
rope in most simulations and in the ensemble mean (up to
5%). As a consequence, the loss potential is also higher in
these regions, particularly in Central Europe. Conversely, a
decrease in extreme wind speeds was found in Southern Eu-
rope, as was an associated reduction in loss potential. There
was considerable spread in the projected changes of individ-
ual ensemble members, with some indicating an opposite sig-
nature to the ensemble mean. Downscaling of the large-scale
simulations with RCMs has been shown to be an important
source of uncertainty. Even RCMs with identical boundary
forcings can show a wide range of potential changes. The ro-
bustness of the projected changes was estimated using two
different measures. First, the inter-model standard devia-
tion was calculated; however, it is sensitive to outliers and
thus displayed large uncertainty ranges. Second, a multi-
model combinatorics approach considered all possible sub-
ensembles from GCMs and RCMs, hence taking into account
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the arbitrariness of model selection for multi-model studies.
Based on all available GCM and RCM simulations, for ex-
ample, a 25% mean increase in risk of loss for Germany has
been estimated for the end of the 21st century, with a 90%
confidence range of +15 to +35%.

1 Introduction

Mid-latitude winter storms frequently hit Europe, causing
high wind speeds over large areas and thus leading to the risk
of high losses. Apart from the danger of injury or even loss of
lives, such events cause heavy damage, particularly to infras-
tructure. In Germany, for example, 53% of economic losses
due to natural hazards and 64% of insured losses are caused
by winter storms (Munich Re, 1999, 2007). The related
losses often amount to several hundred millions of Euros for
single events; thus, wind storms are the most loss-intensive
natural hazards in Central Europe. The various institutions
involved in planning, rescue and insurance thus need to ob-
tain information about the potential effects of anthropogenic
climate change (ACC) on the risk of such extreme events.

A number of recent studies have investigated changes in
storminess in ACC scenario simulations using global climate
models (GCMs) and found indications of more frequent in-
tensive cyclones over the eastern North Atlantic (Bengtsson
et al., 2006; Lambert and Fyfe, 2006; Leckebusch et al.,
2006) and an eastward extension of the North Atlantic storm
track (Ulbrich et al., 2008). These results are in line with the
findings of higher extreme wind speeds over parts of West-
ern and Central Europe (Knippertz et al., 2000; Leckebusch
and Ulbrich, 2004; Pinto et al., 2007; Gastineau and Soden,
2009). On the basis of multi-model GCM simulations, Do-
nat et al. (2010a) found increased frequencies of storm days
under future climate conditions and increased wind speeds
during storm events. Studies estimating changes in storm
losses under ACC conditions found increased risk of losses,
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particularly in Western and Central Europe, if buildings had
not been adapted to higher wind speeds (Leckebusch et al.,
2007; Pinto et al., 2007).

Such GCM-based investigations may be supplemented
by applying dynamical downscaling using regional climate
models (RCMs). Simulated atmospheric parameters are thus
obtained at a higher spatial resolution, in particular provid-
ing information on the influence of regional orographic char-
acteristics. Additionally, physical processes acting at scales
resolved by the RCMs (but not by the GCMs) might affect
the simulated regional wind patterns. The advantage of dy-
namical downscaling with respect to wind fields over com-
plex terrain was demonstrated by, for example, Goyette et
al. (2003),Žagar et al. (2006), Hofherr and Kunz (2010) and
Kunz et al. (2010), who obtained more realistic wind speeds
compared to the driving large-scale data, in particular over
mountainous regions. An improved representation of local
wind speeds should enhance the accuracy of storm loss cal-
culations. The benefit of dynamical downscaling for storm
loss calculations was investigated in a recent study using loss
data for Germany (Donat et al., 2010b). Future changes of
extreme wind speeds in multi-model RCM simulations (all
driven by the same GCM) were explored by Rockel and
Woth (2007), who found increased speed values in Central
and Western Europe during winter. ACC signals of wind
speed patterns in RCM simulations driven by different GCMs
had previously been compared to the large-scale GCM sig-
nals, e.g., by Leckebusch et al. (2006).

Numerical climate model simulations are affected by var-
ious uncertainties, the most important ones being model un-
certainties, uncertainty due to internal variability, and sen-
sitivity to the initial conditions and to boundary condi-
tions (Murphy et al., 2004; Stainforth et al., 2005; Giorgi,
2006). Wind storm occurrence has particularly high vari-
ability (Bärring and von Storch, 2004; Wang et al., 2009).
Hence, a reliable estimation of long-term changes requires
large samples, which can also be obtained from ensemble
simulations (see, for example, Della-Marta et al., 2010; Do-
nat et al., 2010a).

Combining different models into a multi-model ensemble
(MME) generally increases the skill, reliability and consis-
tency of model projections. The value of MMEs for weather
and seasonal prediction applications has been widely shown
(e.g., by Hagedorn et al., 2005), and verification and quan-
tification are relatively straightforward using skill measures,
for example. For climate-timescale simulations, an MME
can also be useful for estimating the robustness of the de-
tected changes (Palmer and Räis̈anen, 2002; R̈ais̈anen, 2007;
Collins, 2007). MMEs primarily sample model uncertain-
ties and the uncertainty due to internal variability. Hence,
MMEs of climate simulations permit the pure GHG forc-
ing effect to be analysed separately from the internal vari-
ability, as the different phases of variability in the individ-
ual ensemble members are sampled and may cancel out. On
the basis of reanalysis-driven RCM simulations (thus sam-

pling only model uncertainties but not internal variability),
Donat et al. (2010b) demonstrated the advantage of MMEs
for storm loss calculations, showing the ensemble mean per-
formance to be close to the best single model in terms of
agreement with observed losses. An increased consistency
of results was found for larger ensembles.

This study aims to estimate a range of possible future
changes of extreme wind speeds and the related storm loss
potential as well as the robustness of these changes based
on an MME of GCM and RCM simulations. In addition,
the detected climate change signals (i.e., the difference be-
tween future and recent climate mean states) for wind and
calculated losses in the RCMs are compared to the changes
in the driving GCM. The robustness of the future projections
is estimated from the differences between the changes in the
different ensemble members. We have followed two differ-
ent approaches to measure the uncertainty related to the pro-
jected changes. In addition to considering the inter-model
standard deviation, the effect of different ensemble configu-
rations on the loss signals has been examined systematically
for all possible combinations of subsets of available mod-
els. Probabilistic information about the magnitude of possi-
ble changes can thus be derived.

2 Data and methods

2.1 Climate model data

This study analyses a number of global and regional climate
model simulations which were performed in the framework
of the ENSEMBLES project (van der Linden and Mitchell,
2009). Nine GCM simulations from five different GCMs
were examined (ENSEMBLES project setup, see Table 1a).
From each simulation, we analysed a period representing
recent greenhouse gas forcing conditions during the last
decades of the 20th century (20C, generally the model period
1960–2000 was considered) and a projection of the future cli-
mate for the 21st century (21C) according to the SRES A1B
scenario (A1B). Two future periods were studied: one for the
middle (2021–2050) and one for the end of 21C (2071–2100
of most models). Almost all storm events causing severe
damage occurred during the boreal winter (Klawa and Ul-
brich, 2003; Munich Re, 2007). Hence, the analyses pre-
sented here focus on the extended winter period from Octo-
ber to March.

ERA40 reanalysis (Uppala et al., 2005) was used to val-
idate the GCM and RCM 20C climate period simulations
and to calibrate the loss model; the loss regression function
thus obtained was also used for loss calculations based on the
GCM simulations (see Sect. 2.2).

Our analyses concentrate on the daily maximum 10-m
wind speeds from all data sets. This parameter was recorded
as the daily maximum speed value, based on all time steps
within a 24 h period. It was derived for almost all GCMs
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Table 1. aClimate models included in this study (ENSEMBLES setup) (a) GCM simulations.

Model Institute Resolution 20C. A1B A1B No. of References
atmosphere (mid 21C) (end 21C) considered runs

BCCR-BCM2 Bjerkness Centre for
Climate Research

T63, L45 1960–1999 2021–2050 2080–2099 1 Furevik et al. (2003)

CNRM-CM3 Mét́eo France/Centre
National de Recherches
Mét́eorologiques

T63, L31 1981–2000 2021–2050 2081–2100 1 Salas-Mélia et al. (2005)

DMI-ECHAM5 Danish Meteorological
Institute

T63, L31 1961–2000 2021–2050 2071–2100 1 Jungclaus et al. (2006)

FUB-EGMAM Freie Universiẗat Berlin,
Institute of Meteorology

T30, L39 1961–2000 2021–2050 2071–2100 1 Manzini
and McFarlane (1998)
Legutke and Voss (1999)
Huebener et al. (2007)

IPSL-CM4 Institut Pierre Simon
Laplace

2.5◦×3.75◦, L19 1961–2000 2021–2050 2071–2100 1 Marti et al. (2005)

MPI-ECHAM5 Max Planck Institute for
Meteorology

T63, L31 1961–2000 2021–2050 2071–2100 3 Jungclaus et al. (2006)

METO-HC-HadGEM1 UK Met Office, Hadley
Center

1.25◦×1.875◦, L38 1960–1999 2021–2050 2070–2099 1 Johns et al. (2006)
Martin et al. (2006)
Ringer et al. (2006)

and for all RCMs. Only 6-hourly instantaneous values of
wind speed were available for ERA40 and the GCM simula-
tions with BCCR-BCM2, CNRM-CM3 and DMI-ECHAM5.
Hence, a daily maximum was calculated as the maximum of
the four instantaneous wind speeds stored at 00:00, 06:00,
12:00 and 18:00 UTC. This value is expected to be slightly
smaller than the maximum over all time steps (Pinto et al.,
2007, their Fig. 3b, c), introducing a minor inhomogeneity
into our data set. The daily maximum wind speed data are
hereafter referred to as WIMAX.

All RCM simulations were carried out for a common do-
main including the whole continental European area (from
approximately 10◦ W to 40◦ E and 30◦ N to 65◦ N). Over-
all, a set of 14 RCM simulations was considered (see Ta-
ble 1b for a list and description of labelling nomenclature),
downscaling seven different GCM runs. Most RCM simula-
tions were carried out at a resolution of 0.22◦ (approximately
25 km), but two (KNMI-RACMO2E5 1/2) were performed
at a coarser resolution of 0.44◦ (approximately 50 km). All
scenario simulations followed the SRES A1B scenario and
were integrated until at least the year 2050. A smaller set of
simulations continued until the year 2100. Thus, we exam-
ined potential future changes for the middle (using all mod-
els) as well as for the end (using those models integrating
until 2100) of the 21st century. For the four HadCM3-driven
simulations (C4I-RCA3HCh, HC-HadRM3HCn, ETHZ-
CLM HCn and METNO-HIRHAMHCn), different realisa-
tions from a perturbed parameter GCM ensemble were used
for boundary forcing (Collins et al., 2011). Unfortunately,
no daily maximum wind speeds were available from these

HadCM3 runs that would allow the RCM signals to be inter-
preted in context with the large-scale forcing. This was, how-
ever, possible for the remaining 10 RCM simulations driven
by GCMs also analysed in this study (Sect. 3.1): two each
driven by CNRM-CM3 and BCCR-BCM2, four driven by
MPI-ECHAM5 run3, one driven by MPI-ECHAM5 run 1,
and one by run 2 (Table 1b).

The ensemble of GCM simulations included different re-
alisations of the ECHAM5 model (on which four of the nine
simulations are based); hence, the presented results could
potentially be biased owing to the dominance of this par-
ticular model. As our preference was to include as many
simulations as possible in our ensemble, we generally took
all nine available simulations into account when computing
the GCM ensemble mean. This approach seemed to be rea-
sonable because the changes in the individual realisations
with ECHAM5 exhibited a considerable spread (Sect. 3.1),
probably due to different phases in the internal variability.
Nevertheless, the results obtained by including only one of
the ECHAM5 simulations in the ensemble will also be dis-
cussed. Similarly, the RCM ensemble consists of different
models downscaling the same GCM simulation. As RCMs
can reveal considerably different results even with identical
large-scale forcing (Sect. 3.2), and given the aim of this study
to incorporate as many models as available, all simulations
are generally included in the ensemble mean calculations.
However, the impacts of alternative ensemble constructions
will also be discussed.

Five of the RCMs (used for a total of eight simulations, see
Table 1b) also feature a gust parameterisation. The respective
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Table 1. bRCM scenario simulations; the RCM run-labels (as referenced in the text) consist of the abbreviations for the modelling institution,
the particular RCM and a code for the driving GCM.

A1B A1B
Calculation (2021– (2071–

RCM Institute Driving GCM RCM Run-Label Resolution of GUST 2050) 2100) References

C4I-RCA3 Community
Climate Change
Consortium for
Ireland

HadCM3-Q16
(high
sensitivity)

C4I-RCA3 HCh 25 km X X X Kjellström et al. (2005)

HC-HadRM3 UK Met Office,
Hadley Center

HadCM3Q0
(normal
sensitivity)

HC-HadRM3HCn 25 km X X Jones et al. (1995)

ETHZ-CLM Swiss Federal
Institute of
Technology

HadCM3Q0
(normal
sensitivity)

ETHZ-CLM HCn 25 km X X X Steppeler et al. (2003)
Jaeger et al. (2008)

CNRM-RM4.5 Mét́eo
France/Centre
National de
Recherches
Mét́eorologiques

CNRM-CM3 CNRM-RM4.5C 25 km X Gibelin and D́eqúe (2003)

DMI-HIRHAM Danish
Meteorological
Institute

CNRM-CM3 DMI-HIRHAM C 25km X X Christensen et al. (1996)

DMI-HIRHAM Danish
Meteorological
Institute

ECHAM5 run3 DMI-HIRHAM E5 3 25km X X Christensen et al. (1996)

METNO-HIRHAM Norwegian
Meteorological
Institute

BCCR-BCM2 METNO-HIRHAM B 25 km X Christensen et al. (1996)

METNO-HIRHAM Norwegian
Meteorological
Institute

HadCM3Q0
(normal
sensitivity)

METNO-HIRHAM HCn 25 km X Christensen et al. (1996)

KNMI-RACMO2 Royal
Netherlands
Meteorological
Institute

ECHAM5 run1 KNMI-RACMO2 E5 1 50 km X X X Lenderink et al. (2003)

KNMI-RACMO2 Royal
Netherlands
Meteorological
Institute

ECHAM5 run2 KNMI-RACMO2 E5 2 50km X X X Lenderink et al. (2003)

KNMI-RACMO2 Royal
Netherlands
Meteorological
Institute

ECHAM5 run3 KNMI-RACMO2 E5 3 25 km X X X Lenderink et al. (2003)

MPI-REMO Max Planck
Institute for
Meteorology

ECHAM5 run3 MPI-REMOE5 3 25 km X X X Jacob and Podzun (1997)
Jacob (2001)

SMHI-RCA3 Swedish
Meteorological
and
Hydrological
Institute

ECHAM5 run3 SMHI-RCA3E5 3 25km X X X Kjellström et al. (2005)
Samuelsson et al. (2011)

SMHI-RCA3 Swedish
Meteorological
and
Hydrological
Institute

BCCR-BCM2 SMHI-RCA3B 25 km X X X Kjellström et al. (2005)
Samuelsson et al. (2011)
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daily maximum 10-m gust wind speeds are hereafter referred
to as GUST. For the ERA40 dataset, the 10-m wind speed
(6-hourly, see above) and a 10-m wind gust are available.
As in the RCMs, the latter is an online model diagnostic
and hence, based on a parameterisation. Note that differ-
ent approaches for calculating the gust wind speeds were
used in the different models. The method used in the RCA3
models (SMHI and C4I) assumes that surface gusts result
from the deflection of air parcels from the upper boundary
layer, mixed down by turbulent eddies (Brasseur, 2001). This
method takes into account turbulent kinetic energy, the mean
wind and the static stability in the boundary layer. ERA40
and KNMI-RACMO2 calculate gust wind speeds by adding
a term which comprises the static stability of the boundary
layer to the 10-m wind speed (White, 2003). MPI-REMO
and ETHZ-CLM calculate gusts based on empirical assump-
tions, taking into account the turbulent kinetic energy in the
lowest model layer (Schrodin, 1995).

2.2 Calculation of storm-induced losses

Storm losses have been calculated by applying a linear re-
gression model developed by Klawa and Ulbrich (2003). In
recent studies, this model was applied to reanalysis and GCM
data (Leckebusch et al., 2007; Pinto et al., 2007) as well as to
(reanalysis-driven) RCM simulations (Donat et al., 2010b),
yielding reasonable results. Annual loss ratios (giving the
ratio of insured values that is affected by storm losses) are
calculated by the equation

loss= A ·

country∑
area

pop(area) ·
year∑
days

max

[
0;

(
vmax(area,day)

v98(area)
−1

)3
]

+B

In this function,vmax is the daily maximum wind speed (i.e.,
WIMAX or GUST) in a grid box, andv98 is the local 98th
percentile of daily maximum wind speeds. Thus, it is as-
sumed that losses occur locally during the 2% of days with
strongest winds. Using a relative threshold, the loss function
takes into account model biases of simulated wind speeds.A

is the regression coefficient obtained from calibrating calcu-
lated losses with the insurance data, pop(area) is the popula-
tion density, andB is the axis intercept. Population density is
regarded as a proxy for insured values because information
about the spatial distribution of total insured values is usu-
ally regarded as confidential by insurance companies. The
assumption that insured values are proportional to population
density is reasonable for developed countries in Central and
Western Europe and has been previously shown to be appli-
cable for the calculation of losses (Klawa and Ulbrich, 2003).
For the calculations in this study we have used gridded popu-
lation density data for the year 2000, on a 0.25× 0.25 degree
raster (CIESIN, 2005).

The dimensionless loss index (calculated at each grid
point) had to be scaled towards the observed loss data. There-
fore, annually accumulated loss data (including losses to res-
idential buildings due to storm and hail events) for Germany

were provided by the Gesamtverband der Deutschen Ver-
sicherungswirtschaft e.V. (German Insurance Association,
hereafter GDV) for the period 1970–2000. Severe losses
are usually caused by intense winter storm events affecting
a large area; losses due to hail can generally be neglected be-
cause their percentage in the total annual loss is small (Klawa
and Ulbrich, 2003; GDV, personal communication, 2009).
Annual loss values are given as the ratio between insured
claims and total insured values (unit:C per 1000C, i.e., in
‰). An advantage of this measure is that inflation can be
neglected as it is included both in insured values and in the
loss. A linear regression is used to calibrate “raw losses” as
calculated by the loss function with the GDV loss ratios. The
regression derived for Germany was also used for the other
countries considered. Leckebusch et al. (2007) showed that
similar results are obtained if damage data from the UK are
used to calibrate the calculated loss values. Thus, the cal-
culated loss ratios for other countries than Germany might
not be fully realistic in terms of their absolute value, but
estimates of future changes will still be possible. In addi-
tion to those for Germany, this study also estimates storm
losses for Poland, France, Belgium, the Netherlands and
Luxembourg (together “BeNeLux”), the United Kingdom
and Ireland (together “UK + IRE”), and Spain and Portugal
(together “IBERIA”). This selection is motivated by earlier
results with respect to future changes of loss potential and
cyclone tracks (e.g., Leckebusch et al., 2006, 2007; Donat et
al., 2010a). Population densities used for the loss calcula-
tions for the regions considered are presented in Fig. 1.

To calculate losses from the GCM simulations, we used
the regression coefficientsA and B determined for losses
calculated from the ERA40 reanalysis. Because the models
simulate a specific realisation of climate and generally do not
reproduce the observed chronology of events, model years
cannot be assigned to observed annual loss data. GCM wind
biases compared to ERA40 are less relevant because nor-
malised wind speeds were used rather than absolute model
output values. For the RCM simulations, model-specific
regressions were determined from simulations driven by
ERA40 reanalysis, which are expected to depict the observed
chronology of storm events and related losses (Donat et al.,
2010b). Again, the percentile approach largely removes de-
viations of an RCM wind climatology arising from driving
the model with GCM data other than ERA40.

Loss potentials for the future climate periods were calcu-
lated in two ways: first, the local 98th percentile of daily
maximum wind speeds calculated for the 20C period was
maintained as the threshold for the occurrence of losses, also
for future climate simulations; second, the percentile of the
future simulation was used as the loss threshold. In the first
approach, damage was assumed to occur at the same wind
speed as it does at present. The second approach took adap-
tation to a new wind climatology into account. This means
that, for example, the architecture of houses is adapted to
higher or lower local wind speeds, so that losses again occur
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Fig. 1: Population density on a 0.25°x0.25° grid (source: CIESIN, 2005) is used as a proxy for 

insured values in the regions for which loss calculations were performed (unit: inhabitants per km²). 
Fig. 1. Population density on a 0.25◦

× 0.25◦ grid (source: CIESIN,
2005) is used as a proxy for insured values in the regions for which
loss calculations were performed (unit: inhabitants per km2).

only during the 2% of days with highest wind speeds (also
refer to Leckebusch et al., 2007; Pinto et al., 2007). The cli-
mate change signals are generally presented as differences
between the mean values of the 20C and A1B periods, cov-
ering three to four decades each. The ensemble mean losses
were calculated by applying the loss function directly to the
simulated wind speeds of each individual model and averag-
ing the losses of all ensemble membersa posteriori.

3 Extreme wind speeds and related losses estimated
from GCM and RCM scenario simulations

3.1 Analysis of the GCM simulations

3.1.1 Extreme wind speeds

The ensemble average of all GCMs shows a general agree-
ment with the ERA40 reanalysis for both spatial patterns
and absolute speed values (Fig. 3a, b), although biases are
found in some individual models (Fig. 2a). The GCM en-
semble displays systematically higher speed values in com-
parison to ERA40 over the Atlantic and the Mediterranean
(approximately 1–2 m s−1), whereas lower speed values (up
to 4 m s−1) are found over land and parts of the Baltic re-
gion. All GCMs also reproduce the typical patterns of ex-
treme wind speeds (here: 98th percentile of WIMAX) in the
European region, with maximum values over sea areas and
lower values over continental areas. Over land areas, the
highest wind speeds are found over northern parts of Western

(British Isles, northern France) and Central Europe (Benelux,
Denmark, northern Germany and northern Poland) and also
over parts of Scandinavia. Minimum speed values occur over
terrain with a complex orography. FUB-EGMAM produces
relatively high speed values also in the area of the Iberian
Peninsula. Note that this model has the coarsest spatial res-
olution and uses sea grid boxes in this area to keep the Strait
of Gibraltar opened. Thus, lower surface drag leads to higher
near-surface wind speeds, disagreeing with the observation-
based (reanalysis) data set.

Although the speed values in the individual models are
similar in magnitude, there are some specific differences. For
example, wind speeds in FUB-EGMAM are systematically
higher than in ERA40 and the other models, whereas IPSL-
CM4 and CNRM-CM3 produce generally lower speed val-
ues. These differences can only be partly attributed to the
different calculation of daily maxima (Sect. 2). The model-
to-model differences in absolute wind speeds can be largely
resolved by the use of relative thresholds for loss calculations
in subsequent parts of this paper.

The ensemble mean of future climate simulations for the
end of the 21st century (Fig. 3b) features a significant in-
crease of extreme wind speeds over northern parts of Cen-
tral and Eastern Europe and a decrease over the Mediter-
ranean. Similar results are found in most of the individual
GCMs (Fig. 2b), whereas the exact position of the maximum
change is shifted slightly east- or westward in the individ-
ual ensemble members. The most different change pattern
is found in the IPSL-CM4 simulation: here, the zone of sig-
nificantly increased wind speeds has shifted north-eastward
towards the northern Baltic region, whereas extreme wind
speeds decrease over Western Europe. The characteristics of
the ACC signals for the first half of the 21st century are sim-
ilar to those for the end of the 21st century in all individual
models, though magnitude and significance are mostly lower
(not shown).

3.1.2 Loss potential

Insurance companies have to pay on average about
900 million C per year in Germany alone as a consequence of
storm losses to residential buildings (GDV 2006, 2009). On
the basis of the German insurance data, a mean annual loss
ratio of approximately 0.15‰ (±0.12‰ inter-annual stan-
dard deviation) was assumed for recent decades (compare
also Leckebusch et al., 2007; Pinto et al., 2007; Donat et
al., 2010b). Despite model-specific differences in the wind
climatologies and also specific decadal variability, realistic
annual mean losses are simulated on the basis of output from
the 20C runs (Table 2), supporting the applicability of the
GCMs for loss estimates. The simulations with ECHAM5
and HadGEM1 show mean loss ratios that are closest to the
insurance data (between 0.14 and 0.16‰). The inter-annual
standard deviation of annual losses is too low in all mod-
els except DMI-ECHAM5, which produces a mean loss ratio
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a)

b)

Fig. 2. 98th percentile of daily maximum wind speeds (WIMAX) in the GCM simulations.(a) Absolute values for 20C (generally 1961–
2000, unit: m s−1), (b) changes for A1B (2071–2100) relative to 20C (1961–2000): coloured areas indicate the magnitude of change (unit:
m s−1), statistical significance above 0.95 is indicated by black dots (Student’s t-test).

and standard deviation that are closest to the insurance data.
Losses calculated from the other models display a too low
inter-annual variability compared to the observed insurance
loss data.

With respect to the storm losses in the ACC simulations for
the end of the 21st century, considerable differences between
the individual ensemble members are apparent, particularly
for the case of no adaptation (Appendix, Table A1a). Con-
sidering area averages for individual countries, the largest
changes are found for Germany, with eight out of nine en-
semble members showing enhanced risk of mean loss, up

to +87.1% (HadGEM1). Only losses calculated from the
DMI-ECHAM5 simulation show slightly decreased values
(−6.2%). In the ensemble average (Fig. 4, upper row), the
annual mean loss ratio for Germany rises by 37.7 (±31.0)%.
This increase goes along with an increased standard devia-
tion of the annual losses in seven of the nine simulations and
also in the ensemble mean. The increase of inter-annual vari-
ability (measured in terms of standard deviation of annual
loss values) is primarily caused by individual years with ex-
tremely high losses, partly due to single, exceptionally strong
events (Leckebusch et al., 2008a), which do not occur in the
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Fig. 3. Ensemble mean of 98th percentile of WIMAX in the
GCM simulations.(a) Absolute values for 20C (1961–2000, unit:
m s−1), (b) anomaly GCM ensemble (20C) relative to ERA40 (unit:
m s−1), (c) changes for A1B (2071–2100) relative to 20C (1961–
2000): coloured areas indicate the magnitude of change (unit:
m s−1), statistical significance above 0.95 is shown by black dots
(Student’s t -test)

GCM control periods. Thus, the increase of the inter-annual
standard deviation might be even more relevant for impact
assessments than changes in mean losses.

In the future climate simulations, France is affected by
higher extreme wind speeds in its northern areas and lower
extreme wind speeds in the Mediterranean region (Fig. 3b),
partly offsetting each other when country-wide losses are
calculated. Consequently the calculated increase of loss for
France is small compared to that for other Western and Cen-
tral European countries. In the average of all simulations,
losses rise by 9.0 (±13.2)%, with slightly increased inter-
annual variability. Of the nine ensemble members, seven
reveal an increased risk, whereas two show slightly lower
storm losses.

Table 2. Mean annual loss ratios for Germany and interannual stan-
dard deviation (STD) as provided by the German Insurance Asso-
ciation (GDV) and calculated from the ERA40 reanalysis and the
20C GCM simulations (unit: ‰). The bottom row displays GCM
averages± inter-model standard deviations from the values shown
in the preceding nine rows.

MEAN STD

GDV 0.15 0.12
ERA40 WIMAX 0.15 0.10
ERA40 GUST 0.14 0.10
BCCR-BCM2 0.12 0.08
CNRM-CM3 0.11 0.04
DMI-ECHAM5 0.15 0.12
FUB-EGMAM 0.12 0.06
IPSL-CM4 0.12 0.07
MPI-ECHAM5 run1 0.15 0.09
MPI-ECHAM5 run2 0.16 0.10
MPI-ECHAM5 run3 0.14 0.09
METO-HC-HadGEM1 0.14 0.09
GCM-Ensemble mean 0.13±0.02 0.08±0.02

Also for the BeNeLux area, seven of the nine ensemble
members show an increased loss potential of up to +50.4%
(CNRM-CM3); the other two GCM simulations yield a slight
decrease of about−4%. In the ensemble average, mean an-
nual losses increase by +17.6 (±21.2)%. Cumulated losses
in the UK and Ireland rise by +17.4 (±32.3)% for the en-
semble mean. Seven of the nine ensemble members show
increases in loss for this region. The two models simu-
lating reduced extreme wind speeds over Western Europe
(HadGEM1, IPSL-CM4, cf. Fig. 2b) also feature consider-
ably lower loss values.

A significant increase in extreme wind speed values was
found over eastern Central Europe in the ACC simulations
(Fig. 3b). In Poland, seven of the nine ensemble members
feature enhanced risk of loss, and the ensemble mean shows
an increase of mean annual losses by 12.1 (±18.3)%.

For the Iberian Peninsula (where reduced extreme wind
speeds were simulated), seven ensemble members show de-
creased losses, and two have slight increases. The ensemble
average of mean annual losses drops by−10.1 (±10.0)% in
this area.

The four simulations with the ECHAM5 model reveal
considerably different loss changes (Table A1a). Com-
parison of the individual ECHAM5 signals with the other
models does not suggest any bias in the ensemble results
due to the inclusion of multiple runs from this particular
model. Nevertheless, we recalculated the ensemble mean
loss changes, including only one simulation of each GCM.
Thus, four different ensembles of six different GCMs can
be constructed (each containing either realisation 1, 2 or
3 of MPI-ECHAM5 or the DMI-ECHAM5 run). If only
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a)

b)

Fig. 4. Relative changes (unit: %) of mean annual storm loss poten-
tial based on the GCM (upper row) and RCM (bottom row) simu-
lations for the end(a) and middle(b) of the 21st century compared
to recent climate conditions (20C, 1961–2000). Values in paren-
theses are inter-model standard deviations.(a) End of 21C (2071–
2100), based on 9 GCM and 11 RCM simulations,(b) middle of
21C (2021–2050), based on 9 GCM and 14 RCM simulations.

one of these simulations is included in the ensemble mean
calculation, the results are not much different from those
of the larger ensemble, although there are some modifica-
tions with respect to the magnitudes of the ensemble mean
changes. For example, the modified ensemble mean change
signals for losses in Germany range between +41.4% (in-
cluding the DMI run) and +51.2% (including MPI run1).
Increased losses between 14.3% (including MPI run2) and
23.2% (including MPI run1) are found for UK and Ireland;
for the BeNeLux region, for example, the different ensem-
ble results range between +14.9% (including MPI run3) and
+22.3% (including MPI run1). Thus, the large spread of pos-
sible changes between the different realisations of this partic-
ular model, comparable to the spread of changes based on the
different GCMs, justifies the inclusion of all available simu-
lations, especially as no evidence of bias was found. This

larger ensemble size enables a more reliable estimate of the
robustness of the identified changes, as it samples a larger
number of realisations with regard to the internal variability.

Future loss changes are distinctly lower in the case of
adaptation (i.e., the threshold for loss occurrence is adapted
to the future wind climate, so that at each grid point it is again
the 2% strongest wind events that cause losses; Appendix Ta-
ble A1b). For Germany, for example, changes in the differ-
ent ensemble members range between +16.8% (IPSL-CM4)
and−22.6% (DMI-ECHAM5). In the ensemble mean, loss
changes are small (up to 2%) for Germany, France, BeNeLux
and UK with Ireland, although increased inter-annual vari-
ability of losses is still found for Germany. Mean losses over
Poland decrease by 6.5%, but over the Iberian Peninsula they
increase by 6.5%, with increased losses found in eight of the
nine ensemble members. Note that owing to the reduction
of extreme wind speed in this region, the threshold for loss
is also reduced when using the future percentile. Thus, the
adaptation approach would correspond to an adaptation to
weaker building structures here.

The detected changes for the first half of the 21st cen-
tury (2021–2050) mostly show the same characteristics as
the changes for the end for the 21st century (upper row in
Fig. 4b for loss changes without adaptation). For most re-
gions, the magnitude of the ensemble mean signal is lower
compared to the signal for the end of the 21st century, al-
though a large variability between the ensemble members is
apparent (Appendix Table A1c).

With regard to the individual ensemble members, the re-
sults demonstrate the high decadal-scale variability in the
occurrence of severe wind storms in the different realisa-
tions. Some of the loss potential change signals do not seem
to scale proportionally with the GHG forcing because the
identified changes include both internal variability and re-
sponse to ACC. The MME of simulations samples the differ-
ent phases of internal variability apparent in the individual
realisations. Hence, the MME approach helps to identify the
“pure” effect of the GHG forcing, assuming that the uncer-
tainty due to internal variability is cancelled out.

3.2 Analysis of the RCM scenario simulation

3.2.1 Extreme wind speeds

Patterns of the 98th percentile of WIMAX, as produced by
the GCM-driven RCM simulations for the 20C period, do
not show major deviations from the reanalysis-driven runs
(Fig. 5a, compare Donat et al., 2010b). The model-specific
characteristics (such as systematic biases in absolute speed
values and anomalies over mountainous regions) discussed in
the previous study for the ERA40-driven simulations are al-
most identical with those originating from the (GCM-driven)
20C scenario simulations.

In the RCM future scenario simulations (Figs. 5b and
6a, b), the ensemble mean shows significantly higher extreme
wind speeds, particularly over Western Europe and in the
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a)

b)

Fig. 5. 98th percentile of daily maximum wind speeds (WIMAX) in the RCM simulations. 1st row: driven by the (different) HadCM3
simulations, 2nd row: driven by CNRM-CM3 or BCCR-BCM2, 3rd row and 4th row: driven by MPI-ECHAM5 (run 1, 2 or 3).(a) Absolute
values for the 20C period (1961–2000),(b) projected changes for 98th percentile of WIMAX in the RCM simulations; all results are for
the future period 2071–2100, except for METNOHIRHAM HCn*, METNO-HIRHAM B* and CNRM-RM4.5C* (only integrated until
2050) changes are presented for the period 2021–2050. Magnitude of change is shown by coloured areas (unit: m s−1), black dots indicate
statistical significance above 0.95 (Student’s t-test).
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Fig. 6. RCM ensemble mean of projected changes for the 98th per-
centile of WIMAX in the future scenario simulations. Magnitude
of changes is shown by coloured areas (unit: m s−1) , black dots in-
dicate statistical significance above 0.95 (Student’s t-test).(a) A1B
(2021–2050) – 20C,(b) A1B (2071–2100) – 20C.

North Sea and Baltic Sea regions; reduced wind speeds occur
over the Mediterranean. These are also common features in
the majority of the RCMs. While relatively smooth change
patterns are found in the GCM simulations (Sect. 3.1), the
signals in most individual RCMs appear noticeably spotty
over continental areas. These patterns seem to offset each
other in the ensemble mean, and hence the accumulated
changes over Central Europe are comparatively lower than
for most of the individual models and the GCM ensemble.
Although change patterns are similar when driven by the
same GCM, there is a considerable spread in the magnitudes
of change, pointing at the uncertainty related to the choice of
a specific RCM. Note, for example, the differences between
the four simulations driven by ECHAM5run3 (Fig. 5b, third
and fourth row) and also remember that this particular driv-
ing run displays only weak changes (Fig. 2b, middle row,
right panel).

Ensemble mean change patterns for the middle of the 21st
century (Fig. 6a), as for the GCM results, correspond well
to the patterns for the end of 21C (Fig. 6b), whereas the sig-
nificance of the signals is considerably higher for the later
period. Note that three more simulations were included in
the ensemble for the earlier period than in the correspond-
ing ensemble for the end of 21C because CNRM-RM4.5C,

METNO-HIRHAM B and METNO-HIRHAM HCn were
only integrated until 2050. However, the picture is similar
if ensemble means are computed for both periods using the
same 11 simulations.

3.2.2 Loss potential calculated from the RCM
simulations

Changes in storm loss potential from the RCMs correspond
in general to the changes detected from the GCM outputs,
although for most regions the mean relative changes are
slightly smaller in the RCM ensemble (Fig. 4, compare bot-
tom and top rows). Again there are considerable differences
between the individual ensemble members (Appendix Table
A2).

Following the no-adaptation approach, the RCM ensem-
ble mean storm losses in Germany are estimated to increase
by 15.1% (with a standard deviation between the different
simulations of 17.1%) by the end of 21C. For France, the en-
semble mean change is +5.8 (±7.4)%, for UK plus Ireland
+18.5 (±18.6)%, for BeNeLux +8.0 (±11.4)%, for Poland
+6.1 (±9.9)%, and for the Iberian Peninsula−4.2 (±5.6)%.
Again a noticeable increase in inter-annual variability of
losses is evident, particularly for Germany, Poland, BeNeLux
and UK+IRE.

Analysis of different RCMs driven by the same GCM sim-
ulation reveals that despite identical large-scale driving, dy-
namical downscaling may increase the spread of possible
results considerably. For example, loss changes between
+33.6% and−4.5% are obtained for the four RCM runs
driven by ECHAM5run3, whereas the driving GCM run dis-
plays an increase of +17.0%. One RCM simulation shows
a considerably stronger increase (KNMI-RACMO2E5 3),
two realisations (MPI-REMOE5 3 and SMHI-RCA3E5 3)
show only small loss changes, and in the DMI-HIRHAM-
E5 3 run, the calculated loss change is almost identical with
the GCM signal. Thus, with respect to the large spread,
the average loss change of the four RCM runs is similar
(+12.4%) to the GCM signal but still about 30% lower. Thus,
further analysis of the impact of regional downscaling on the
spread of climate change signals seems to be justified and
necessary but is beyond the scope of this study.

Note that, for all regions except UK and Ireland, the mag-
nitudes of the RCM ensemble mean changes were consid-
erably smaller than the magnitudes of changes in the GCM
ensemble. This might partly be explained by the ensem-
ble setup: for example, the GCM simulations showing the
largest changes were not used to drive RCM simulations (Ta-
bles 1a, c and Sect. 2). In addition, four RCM runs were
driven by different perturbed-parameter experiments with the
HadCM3 model; daily maximum wind speeds from these
experiments were not available for this study and so could
not be included in the GCM ensemble. Nevertheless, the
phenomenon of comparatively smaller change magnitudes
in the RCM ensemble is still present if, first, the GCM
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ensemble mean contains only those GCM simulations that
were used for downscaling and, second, the RCM ensem-
ble contains only those RCM simulations where the driving
GCM simulation is available. However, in some cases (e.g.,
KNMI RACMO2 E5 3) even stronger RCM signals can be
found in comparison to the driving GCM. Further studies are
necessary to understand the differences between the changes
detected from large-scale and regional models.

Ensemble mean changes for the first half of 21C (Fig. 4b,
bottom row) were small (below 5%) for most of the regions
considered; a large signal, +12.5 (±14.3)%, was found only
for UK+IRE. As already established for the GCM simula-
tions, detected changes are small if adaptation of the loss
threshold to the future climate is taken into account (not
shown), demonstrating the value of timely strategic action.

3.2.3 Does the use of RCM gust wind speeds modify
the results?

Gust wind speed estimations (implemented as online model
diagnostics) are also available from a subset of the RCM sim-
ulations. The greatest damage in the “real world” is generally
caused by severe wind gusts; Rockel and Woth (2007) doc-
umented that wind speeds exceeding 20 m s−1 (8 Bft.) are
generally not produced by RCMs without a gust parame-
terisation. However, as the loss model applied here uses a
relative threshold for the occurrence of losses, exceedance
of a specific absolute wind speed should not be necessary
for a realistic loss calculation, assuming a correspondence
between extreme sustained winds and gusts. With respect
to the reproduction of observed losses, Donat et al. (2010b)
demonstrated that the temporal correlation of losses calcu-
lated from GUST is generally not higher than for losses based
on WIMAX.

The above results for extreme wind speeds and loss po-
tential largely agree with those obtained using GUST. The
patterns of the ACC signals for the 98th percentile of GUST
correspond well to the change patterns for WIMAX, al-
though the magnitudes of change and significance tend
to be stronger for some simulations using GUST (C4I-
RCA3 HCh, ETHZ-CLM HCn and SMHI-RCA3B, not
shown). For the other five simulations providing GUST
(KNMI-RACMO2 E5 1,2,3, MPI-REMOE5 3 and SMHI-
RCA3 E5 3), change patterns and magnitudes are very sim-
ilar to WIMAX.

In general, changes in loss potential based on GUST
are comparable to those based on WIMAX. Again, C4I-
RCA3 HCh and ETHZ-CLMHCn display somewhat larger
signals for most regions compared to WIMAX, whereas the
changes detected in the other simulations are mostly similar
to (or sometimes even slightly smaller than) the correspond-
ing WIMAX results. Remarkably, loss changes for MPI-
REMO E5 3 based on GUST are almost equal to changes
based on WIMAX in all regions. This was also found for the
SMHI-RCA3 E5 3 run in all regions except IBERIA. The

ensemble mean loss changes are generally comparable to the
RCM mean changes based on WIMAX (Fig. 4). In summary,
we find no systematically altered results if losses are calcu-
lated on the basis of wind gusts instead of WIMAX.

3.3 Multi-model combinatorics: uncertainty of ACC
loss potentials considering all possible model
combinations

3.3.1 The multi-model combinatorics approach

MME studies are affected by a certain level of arbitrariness.
For example, the construction of an ensemble is determined
by the availability of model simulations. As the individ-
ual simulations produce ACC signals with different magni-
tudes and even different signs (Sects. 3.1 and 3.2), the MME
change will depend on the models included. Here, the in-
fluence of different model combinations on the loss poten-
tial changes is investigated systematically for the first time
by considering all possible model combinations in a multi-
model combinatorics approach. The range of the resulting
ACC signals allows an estimation of the (un-)certainty of
projected future changes. The idea behind this approach is
to use all information included in the MME. For this study,
the composition of the MME was defined by the models in-
cluded in the ENSEMBLES project (Tables 1a, b).

Using the 9 available GCM simulations, there are in to-
tal 511 different possibilities of calculating (sub-) ensembles
including 1 to 9 individual ensemble members: 9 single mod-
els, 36 combinations of either 2 or 7 models, 84 (of 3 or 6),
126 (of 4 or 5), 9 combinations of 8 models and 1 ensemble
containing all 9 simulations. Additionally, 14 RCM scenario
simulations are available until 2050 (and 11 until 2100), al-
lowing 16 383 (or respectively 2047) different RCM combi-
nations. Thus, in total, 23 individual (GCM or RCM) ACC
signals for the first half of 21C and 20 for the end of 21C are
available, enabling 8 388 607 different model combinations
for the earlier and 1 048 575 for the later period. The consid-
eration of all possible model combinations can be seen as an
“ensemble of (sub-) ensembles”. Basically, this idea of as-
sessing the uncertainty of the projected changes is related to
the principle of bootstrapping (Efron, 1979), which is applied
to gain information about characteristics (e.g., quantiles) of
an unknown theoretical distribution. However, whereas boot-
strapping generally considers different limited samples to as-
sess the characteristics of a basic population, the approach
presented here accounts for all possible solutions that can be
constructed from the ensemble of models.

A limitation might arise from the fact that the different
(sub-) ensembles are not necessarily independent of each
other. Each simulation is included in several (sub-) en-
sembles, and some of the GCM simulations are used for
driving the RCM simulations (and are thus included in the
RCM results). In addition, different models are not com-
pletely independent, as some share common components or
modules. All these factors make it difficult to estimate, for
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example, the degrees of freedom of the sample of possible
future changes. Nevertheless, if only different subsets of
simulations were available for this study, all these results are
possible and thus have to be included in the considerations.
Moreover, even different realisations with the same model
display different change signals (Sect. 3.1), and the RCMs
have been shown to increase the spread of possible results,
including some that are fundamentally different, even com-
pared to their driving GCMs (Sect. 3.2). With this approach,
a complete sample based on the different sub-ensembles is
obtained, making use of all information included in the en-
semble of models. Assuming that the sample which is con-
structed from the available models included in the study
is representative for a sample based on all existing climate
models, this methodology allows an estimation of the range
of expected future changes.

3.3.2 Uncertainties in projected storm losses

We have focussed on the ACC signals without adaptation of
the loss threshold (Appendix Tables A1, A2). The range
of possible changes based on the GCM and RCM simula-
tions for the end of 21C is presented for the different re-
gions (Fig. 7). Histograms of relative loss changes of the
different sub-ensembles were calculated (in 2%-steps), and
the relative frequency of the different change magnitudes is
displayed. The green curve summarises the results of the
511 GCM combinations (of 9 GCM simulations), the blue
curve represents the 2 047 RCM sub-ensembles (of 11 RCM
simulations integrated until 2100), and the red curve com-
prises the results of the 1 048 575 combinations of all avail-
able GCM or RCM simulations. For each region, the red
shaded area indicates a confidence interval where 90% of the
signals between the 5th and the 95th percentiles are found.
As each individual simulation is included in the same num-
ber of model combinations, the ensemble average of possible
(sub-) ensembles has exactly the same value as the simple en-
semble mean of all available models (Fig. 4).

It becomes obvious that the largest spread of ACC sig-
nals is found in Germany and the UK + IRE region. For Ger-
many, the red curve comprising all combinations of avail-
able GCM and RCM simulations indicates a mean increase
of loss potential of about 25.2%, with the confidence in-
terval of 90% of the possible solutions between +15.1%
and +35.4%. Corresponding estimates for other regions
are: UK + IRE +18.1% (+8.4 to +27.6%), BeNeLux +12.3
(+5.7% to +18.8%), Poland +8.8% (+3.4% to +14.2%). The
narrowest ranges of possible results are found for France +
7.2 (±3.9)% and IBERIA−6.9 (±3.2)%. As already dis-
cussed in Sect. 3.2, for most regions (except for UK + IRE)
the magnitude of the changes on the basis of the GCM en-
semble (green curves in Fig. 7) is larger than for the RCM
ensemble (blue curve). Note, however, that those GCMs dis-
playing outlier signals were not used to drive RCMs. GCM
changes tend to exceed those for the RCM ensembles, not

only in cases where all available models are considered. If
the ensembles are restricted to those GCMs used for down-
scaling (and available for this study: CNRM-CM3, BCCR-
BCM2, ECHAM5) in comparison to the connected RCM
runs, different magnitudes are still obvious for the (reduced)
GCM- and RCM-ensembles (not shown). The uncertainty
range of the GCM-based results is, however, considerably
reduced (and similar to the RCM range) if only those GCMs
used for driving the RCMs are considered.

The uncertainty range estimated from all model combi-
nations is considerably smaller than the inter-model stan-
dard deviation (Fig. 4), which is affected to a greater ex-
tent by outlier models. For example, considering only the
change signals from the GCM simulations and the respec-
tive confidence interval of the range covering 90% of all 511
possible results (green curve in Fig. 7a), the mean increase
for Germany is 37.7 (±19.7)%. By comparison, the signal
was 37.7 (±31.0)% if the inter-model standard deviation was
used as the uncertainty measure (Sect. 3.1.2). Accordingly,
narrower confidence intervals are also obtained for the other
regions: the mean GCM-based loss change for BeNeLux is
+17.6 (±14.4)%, for France +9.0 (±8.1)%, for Poland +12.1
(±11.5)%, for UK+IRE +14.4 (±21.6)%, and for IBERIA
−10.1 (±6.3)%.

The mean changes for the period from 2021 to 2050 are
generally smaller than those for the end of 21C (Appendix
Fig. A1, in accordance with Tables A1c, A2b). For this
earlier period, the widest spreads in the 8,388,607 possi-
ble model combinations of all 23 ACC simulations were
again found for Germany and UK+IRE, whereas the iden-
tified changes for France and IBERIA display the narrowest
distributions. The magnitudes of the ensemble mean changes
for this earlier period are between 40% (Germany, BeNeLux)
and 70% (France, Poland), compared to the changes for the
end of 21C.

4 Summary, discussion and conclusion

Patterns of extreme wind speeds and related loss potential
due to severe wind storms were investigated using the output
of multi-model simulations with global and regional climate
models. Potential future changes were analysed for different
European regions according to the IPCC SRES A1B emis-
sion scenario. The GCMs and RCMs considered here re-
produced the typical spatial patterns of extreme wind speeds
well over the European region in the simulations of recent cli-
mate, even though some of the models displayed biases in ab-
solute wind speeds. Realistic mean losses were obtained for
calculations based on the 20C simulations; the inter-annual
variability of simulated losses for Germany was about 30%
lower in the ensemble mean than that observed from insur-
ance loss data.

In the future climate simulations, most models and also the
ensemble mean commonly featured an increase in extreme
wind speeds over northern Central Europe and a decrease

www.nat-hazards-earth-syst-sci.net/11/1351/2011/ Nat. Hazards Earth Syst. Sci., 11, 1351–1370, 2011



1364 M. G. Donat et al.: Future changes in European winter storm losses

 37

 1 

 

Fig. 7: Probability of loss potential changes for the future climate period end of 21C (2071–
2100) compared to 20C (1961–2000) without adaptation of the loss threshold, based on all 
possible model combinations of GCMs (green curve), RCMs (blue curve) and all available 
GCM and RCM scenario (red curve) simulations. The red shaded areas mark the range where 
90% of the change signals (between 5th and 95th percentile) based on all model combinations 
are found. 
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Fig. 7. Probability of loss potential changes for the future climate period end of 21C (2071–2100) compared to 20C (1961–2000) without
adaptation of the loss threshold, based on all the possible model combinations of GCMs (green curve), RCMs (blue curve) and all the
available GCM and RCM scenarios (red curve) simulations. The red shaded areas mark the range where 90% of the change signals (between
5th and 95th percentile) based on all model combinations are found.

over the Mediterranean region. Assuming that no adaptation
takes place (and the loss-wind relation remains unaltered in
a changing climate), the mean loss ratios also increased in
the Western and Central European regions. In the ensem-
ble mean, the loss potential in Germany at the end of 21C
increased by 37.7% (15.1%) according to the GCM (RCM)
simulations considered in this study. Simulated losses also
increased significantly by 12.1% (6.1%) over eastern Cen-
tral Europe (e.g., over Poland). Mean losses for UK+IRE
increased by 17.4% (18.5%), for France by 9.0% (5.8%),
and by 17.6% (8.0%) in the BeNeLux countries. In accor-
dance with the reduction in extreme wind speeds, reduced
storm loss risk was found over Southern Europe (e.g., for
the Iberian Peninsula−10.1% (−4.2%) in the GCM (RCM)
ensemble). If adaptation to the changing wind climate was
taken into account, the changes of calculated losses were

generally small (ensemble mean changes below 5% for most
regions considered).

However, there is a large spread in the results from the in-
dividual ensemble members, pointing to large variability in
severe storm occurrence, even for different realisations with
the same climate model. Central Europe, in particular, shows
an increased inter-annual variability of losses, caused by sin-
gle years with exceptionally high losses (Pinto et al., 2007).
Characteristics of extremely severe storm events in future cli-
mate simulations will be investigated in future studies.

The spatial patterns of change in extreme wind speeds
from RCMs have previously been shown to be close to the
pattern of the driving GCM (Leckebusch et al., 2006). The
same behaviour was found in this study. However, dynamical
downscaling using RCMs is also shown to be an important
source of uncertainty, increasing the spread in magnitude of
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possible results compared to the change signal from the driv-
ing GCM. For different RCMs driven by the same GCM sim-
ulation, comparable spatial change patterns of extreme wind
speeds were found, although the magnitudes differ consid-
erably. Consequently, the changes of loss potentials show
strongly differing magnitudes despite identical large-scale
forcing.

The most serious damage is generally caused by severe
gusts, so it is often assumed that gust wind speeds may be
more suitable for the calculation of storm losses than max-
imum wind speeds without gusts. However, a recent study
using the same loss function as applied here found no ev-
idence that losses calculated from GUST agree better with
observed losses than losses calculated from WIMAX (Do-
nat et al., 2010b). Moreover, this study shows comparable
loss potential changes in future projections using both GUST
(where available) and WIMAX.

The identified changes in the pattern of extreme wind
speeds correspond to results from previous studies that also
found significantly increased values over northern parts of
Central and Western Europe and decreased values over
Southern Europe (Leckebusch and Ulbrich, 2004; Lecke-
busch et al., 2006; Pinto et al., 2007; Gastineau and So-
den, 2009). The increase in extreme wind speeds over West-
ern and Central Europe is consistent with the increased ac-
tivity of extreme cyclones identified over the eastern At-
lantic/western European region in future climate simulations
with the same GCM ensemble (Leckebusch et al., 2008b).

The magnitude of changes in loss potential is similar to
the results in recent studies based on smaller MMEs (Lecke-
busch et al., 2007) or single model ensembles (Pinto et
al., 2007). These studies also identified a large spread be-
tween the different GCMs and even different realisations
with the same GCM. Whereas previous studies focused on
loss changes in Germany and the UK, estimates here are
for six regions in Central and Western Europe. Further, un-
like previous studies, this study is based on a relatively large
MME, allowing a more detailed estimation of the uncertain-
ties of expected changes. The slightly different loss projec-
tions for the three ECHAM5 simulations in this study com-
pared to Pinto et al. (2007) are due to the different population
data sets applied. The population data in this study are at a
finer resolution so as to be applicable for loss estimates based
on RCMs.

Barredo (2010) suggested that observed recent upward
trends of storm loss amounts are mainly driven by societal
factors and can thus be explained by increasing economic and
insured values. For the analysis of future loss potential in this
study, societal factors affecting the loss change were explic-
itly excluded by assuming an unchanged population (a proxy
for insured values) in the future periods compared to today.
Further, the loss measure applied here takes into account the
ratio between insured claims and totally insured values, thus
normalising inflation. Consequently, assuming continuously
increasing values for the next century, total monetary loss

amounts might increase considerably more than those anal-
ysed here. In this study only the “pure” meteorological ef-
fect of anthropogenically induced climate change is anal-
ysed, which has to be recognised in addition to any soci-
etal trend. In Germany alone, given today’s mean annual
(insured) loss amounts of about 900 millionC for residential
buildings, a meteorologically induced increase of loss poten-
tials of about 25% (as derived from the model combinations
in Sect. 3.3) would account for additional costs of approxi-
mately 225 millionC per year. Societal factors could further
magnify these losses.

This study further demonstrates that relatively small
changes in meteorological parameters may lead to consid-
erable increases in risk. For storm losses, a non-linear rela-
tionship between wind speeds and losses is assumed, which
contributes, in part, to the significance of loss changes. While
the increase in absolute wind speeds is relatively low (e.g., up
to 5% in the GCM ensemble for Central Europe), conspicu-
ously higher losses are expected (e.g., approximately 37% in
the GCM ensemble for Germany).

The magnitude of potential future changes in losses differs
strongly between the different ensemble members, even for
different realisations with the same GCM. Further, a com-
parison between the projected changes for the first half and
the end of the 21st century reveals fundamental differences
for some ensemble members. Both phenomena – the large
spread of ACC signals in the different simulations as well as
the differences for the 2 future periods in some simulations –
indicate the large long-term variability in severe storm occur-
rence, which is partly related to decadal-scale atmospheric
variability. Thus, future changes inferred from single models
may be influenced by effects connected to this high variabil-
ity and hence be misleading. Uncertainties due both to inter-
nal variability and to individual model formulations are sam-
pled when using multi-model simulations and would tend to
be cancelled out.

The ensemble of simulations also provides information
permitting an estimation of the uncertainty of the results.
Two different measures were used to evaluate this. One is the
standard deviations of change signals across different simu-
lations (Fig. 4), which were of the same order as the mean
changes for most regions. These are strongly influenced by
outliers, with some individuals displaying fundamentally dif-
ferent signals compared to the majority of models (Appendix
Tables A1, A2). Alternatively, the range (as well as the prob-
ability) of possible changes is calculated by considering the
results from all sub-ensembles that can be constructed from
the available climate simulations. This yields a relatively
symmetric distribution of possible changes around the en-
semble mean and also enables probabilistic information to
be given about the confidence in expected changes. For ex-
ample, combining the detected loss potential changes from
all available GCM and RCM simulations for the end of 21C
for Germany yields a mean increase of +25%, with a 90%
confidence interval of +15% to +35%.
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Fig. AF1: Probability of loss potential changes for the future climate period in the middle of 21C 
(2021–2050) compared to 20C (1961–2000) without adaptation of the loss threshold, based on all 
possible model combinations of GCMs (green curve), RCMs (blue curve) and all available GCM and 
RCM scenario (red curve) simulations. The red shaded areas mark the range where 90% of the 
change signals (between 5th and 95th percentile) based on all model combinations are found. 
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Fig. A1. Probability of loss potential changes for the future climate period in the middle of 21C (2021–2050) compared to 20C (1961–2000)
without adaptation of the loss threshold, based on all possible model combinations of GCMs (green curve), RCMs (blue curve) and all
available GCM and RCM scenario (red curve) simulations. The red shaded areas mark the range where 90% of the change signals (between
5th and 95th percentile) based on all model combinations are found.
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Table A1. ACC signal of simulated loss ratios in the individual GCMs. Relative changes for the future climate periods considered in this
study compared to the 20C simulations are presented (unit: percent). For each region, the maximum and minimum changes of mean loss
ratios (indicating the maximum spread of the ensemble) are highlighted using bold numbers.

(a) 2071–2100 without adaptation

Germany France UK Iberia Poland Benelux

MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD
BCCR-BCM2 51.5% 26.6% 19.7% 1.6% 4.6% −31.5% 8.4% 46.3% 14.3% 78.3% 4.5% −3.0%
CNRM-CM3 43.1% 127.6% 5.0% −58.7% 50.9% 134.3% −5.1% −43.1% −0.9% −39.0% 50.4% 280.7%
FUB-EGMAM 69.4% 261.6% 36.5% 49.0% 67.6% 119.5% −17.5% −54.5% 27.4% 91.2% 41.4% 172.5%
MPI-EH5OM1 r1 52.8% 215.3% 14.0% 21.4% 54.6% 152.3% −10.5% −18.2% −7.6% −43.0% 40.2% 560.5%
MPI-EH5OM1 r2 21.6% 50.9% −3.0% −10.3% 1.5% 15.9% −12.5% −15.7% 12.6% −9.7% 18.8% 88.5%
MPI-EH5OM1 r3 17.0% 63.5% 9.8% 107.3% 4.5% 6.2% 0.8% 103.2% 4.8% 51.4% −4.1% −44.6%
DMI-EH5OM1 −6.2% −47.1% 3.2% 13.4% 11.7% −4.4% −416.8% −17.6% 3.9% −50.0% 10.2% 47.7%
HC-HadGEM1 87.1% 99.9% −7.6% −53.2% −22.1% −76.3% −24.2% −28.0% 52.8% 37.2% −4.3% −33.5%
IPSL-CM4 3.4% −11.7% 3.7% 17.8% −16.5% −56.0% −13.3% −27.5% 1.6% −9.5% 1.3% 19.9%
Ensemble-Mean 37.7% 87.4% 9.0% 9.8% 17.4% 28.9% −10.1% −6.1% 12.1% 11.9% 17.6% 121.0%
± inter-model STD ± 31.0% ± 101.2% ± 13.2% ± 50.5% ± 32.3% ± 85.3% ± 10.0% ± 49.6% ± 18.3% ± 53.9% ± 21.2% ± 195.1%

(b) 2071–2100 with adaptation

Germany France UK Iberia Poland Benelux

MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD
BCCR-BCM2 −6.5% −42.4% −12.3% −48.7% −21.6% −66.8% 11.3% 75.2% −2.0% 10.1% −12.9% −59.4%
CNRM-CM3 −10.8% −9.6% −15.2% −76.1% −3.7% −8.1% 11.8% −9.9% −15.4% −69.2% 4.8% 36.5%
FUB-EGMAM 12.5% 117.1% 7.0% −1.7% 21.6% 35.8% 3.7% −27.1% 1.1% 3.9% 9.1% 52.6%
MPI-EH5OM1 r1 7.0% 102.6% −3.9% −26.7% 6.3% 40.0% 0.7% 6.9% −23.0% −65.3% 15.3% 321.0%
MPI-EH5OM1 r2 −1.8% 12.1% −7.8% −16.1% −16.1% −17.0% 0.5% 13.2% −3.9% −33.0% 5.2% 28.2%
MPI-EH5OM1 r3 9.5% 54.4% 2.3% 84.3% −2.9% −11.7% 12.4% 120.4% −1.2% 32.8% −7.1% −53.7%
DMI-EH5OM1 −22.6% −61.2% −5.3% −7.9% 7.5% −10.5% 0.4% 24.7% −414.4% −68.9% −6.3% −46.1%
HC-HadGEM1 −15.3% −33.4% −15.4% −62.2% 1.1% −24.2% −5.2% 29.8% 2.9% −23.7% 2.5% 52.9%
IPSL-CM4 16.8% 7.5% 30.8% 101.6% −9.2% −42.4% 25.1% 52.3% −2.3% −23.0% 8.3% 54.3%
Ensemble-Mean −1.2% 16.3% −2.2% −5.9% −1.9% −11.7% 6.8% 31.7% −6.5% −26.2% 2.1% 42.9%
± inter-model STD ± 13.6% ± 63.0% ± 14.5% ± 61.4% ± 13.1% ± 33.7% ± 9.2% ± 45.2% ± 8.9% ± 37.0% ± 9.1% ± 114.9%

(c) 2021–2050 without adaptation

Germany France UK Iberia Poland Benelux

MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD
BCCR-BCM2 14.5% −10.1% 10.8% 10.0% −0.8% −35.7% 11.4% 69.9% −13.4% −68.3% −40.9% −9.9%
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IPSL-CM4 −6.1% −10.5% 0.7% −5.0% 3.0% 3.8% −3.5% −16.6% 2.2% −15.4% 3.2% 62.9%
Ensemble-Mean 17.9% 31.9% 8.8% 16.2% 6.3% 16.2% −4.3% −2.4% 12.2% 11.0% 7.1% 55.6%
± inter-model STD ± 25.1% ± 61.4% ± 9.5% ± 52.7% ± 13.3% ± 55.5% ± 8.4% ± 35.7% ± 18.9% ± 71.1% ± 11.8% ± 91.5%
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Table A2. ACC signal of losses calculated in the individual RCM scenario simulations. Change signals A1B-20C without adaptation of the
loss threshold for the 2 future periods in the middle (2021–2050) and at the end of 21C (2071–2100). For each region, the maximum and
minimum changes of mean loss ratios (indicating the maximum spread of the ensemble) are highlighted using bold numbers.

(a) 2071–2100 without adaptation

Germany France UK Iberia Poland Benelux

MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD
C4I-RCA3 HCh −2.8% 3.6% −0.4% −19.2% 7.3% 50.7% −6.1% −59.2% −8.6% −83.0% 3.7% 109.4%
HC-HadRM3HCn 10.5% 78.1% 10.5% 109.7% 12.3% 99.6% 0.8% 45.4% 9.4% 82.9% 8.2% 281.4%
ETHZ-CLM HCn 19.0% 65.6% 9.3% 16.7% 27.1% 202.3% 0.6% 32.3% 8.0% 101.5% 10.8% 93.6%
DMI-HIRHAM C 2.5% −22.2% −2.1% −21.5% 15.8% 84.9% −7.8% −25.7% 10.4% 67.2% −1.7% −23.4%
SMHI-RCA3 B 17.6% −6.2% 15.9% 99.1% 23.0% 57.3% 7.9% 125.7% −1.7% −24.0% 4.4% 10.6%
MPI-REMO E5 3 5.3% 55.7% 0.0% 67.8% 0.9% −24.1% −3.5% −34.4% 2.8% 13.2% 1.8% 81.2%
DMI-HIRHAM E5 3 15.2% 34.1% 12.1% 39.0% 12.7% −31.8% −43.5% −14.5% 19.6% 351.7% 9.1% 72.3%
KNMI-RACMO2 E5 1 54.8% 114.0% 8.7% 6.2% 63.6% 288.0% −11.8% 8.3% 20.4% 20.0% 39.6% 252.2%
KNMI-RACMO2 E5 2 14.3% 26.7% 14.8% 37.8% 35.4% 10.2% −5.1% 60.0% −3.7% −40.3% 9.9% 10.2%
KNMI-RACMO2 E5 3 33.6% 274.6% −1.7% −13.4% 8.5% 36.7% −7.9% −0.9% 14.1% 128.7% 4.3% 35.1%
SMHI-RCA3 E5 3 −4.5% −9.9% −3.9% −38.4% −2.6% −17.3% −9.8% −30.5% −4.3% −11.2% −2.6% −14.2%
Ensemble-Mean 15.1% 55.8% 5.7% 25.8% 18.5% 68.8% −4.2% 9.7% 6.1% 55.2% 8.0% 82.6%
± inter-model STD ± 17.1% ± 83.8% ± 7.4% ± 49.9% ± 18.6% ± 99.1% ± 5.6% ± 53.0% ± 9.9% ± 117.6% ± 11.4% ± 101.2%

(b) 2021–2050 without adaptation

Germany France UK Iberia Poland Benelux

MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD MEAN STD
C4I-RCA3 HCh −1.7% −32.1% −1.8% −30.6% 8.4% 41.4% 4.3% −31.4% −5.8% −70.4% 1.9% 22.6%
HC-HadRM3HCn 6.6% 26.5% 0.0% −4.4% 9.0% 81.8% −3.5% −29.6% 6.7% 87.0% 5.7% 92.4%
METNO-HIRHAM HCn −11.7% −57.9% −10.4% −39.5% 9.2% 79.9% −7.6% −15.1% −4.5% −47.8% 0.3% 31.2%
ETHZ-CLM HCn 0.0% −14.0% 1.4% −7.1% 21.1% 122.0% −4.5% −23.9% 2.1% 7.1% 1.8% 6.4%
CNRM-RM4.5 C 1.9% 42.3% 0.4% 27.0% 1.8% 11.5% 1.1% 35.7% 2.2% 96.7% 0.4% 50.6%
DMI-HIRHAM C 3.9% −32.5% 0.8% −3.1% 25.3% 49.3% −2.0% −13.1% −0.9% −16.7% −0.9% −10.4%
METNO-HIRHAM B −4.4% −47.4% −3.0% −14.2% 15.5% −3.6% 6.0% 24.5% 3.1% 44.8% −3.8% −62.7%
SMHI-RCA3 B 19.9% 29.7% 16.8% 201.5% 25.1% 83.6% 12.7% 240.9% −5.7% −48.0% 5.0% −15.7%
MPI-REMO E5 3 0.1% 12.1% −3.3% 4.4% 0.6% −1.9% −1.7% −11.5% 5.5% 83.3% −2.8% −53.7%
DMI-HIRHAM E5 3 11.9% 34.3% −0.8% −7.9% 2.6% −37.3% −3.7% −13.2% 1.9% 39.3% 2.8% 74.8%
KNMI-RACMO2 E5 1 32.1% 5.0% 9.4% −1.7% 45.5% 154.3% −18.0% −45.1% 24.1% 89.0% 40.7% 167.3%
KNMI-RACMO2 E5 2 2.3% −8.1% 28.2% 151.0% 21.9% 7.4% 0.5% 22.4% −8.3% −46.9% 15.4% 45.5%
KNMI-RACMO2 E5 3 11.4% 150.3% −0.9% 23.6% −0.5% 1.3% −8.1% −27.6% 6.6% 56.1% −4.9% −13.0%
SMHI-RCA3 E5 3 −5.5% −11.0% −4.4% −14.2% −10.4% −29.0% −8.5% −28.1% 0.4% −8.0% −8.9% −43.4%
Ensemble-Mean 4.8% 6.9% 2.3% 20.3% 12.5% 40.0% −2.3% 6.1% 2.0% 19.0% 3.8% 20.8%
± inter-model STD ± 11.2% ± 51.7% ± 9.8% ± 69.0% ± 14.3% ± 57.4% ± 7.4% ± 71.6% ± 8.0% ± 59.2% ± 12.1% ± 62.9%
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