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Abstract

The properties of European wind storms under present climate conditions are esti-
mated on the basis of surface wind forecasts from the European Center of Medium-
Range Weather Forecast (ECMWF) Ensemble Prediction System (EPS). While the
EPS is designed to provide forecast information of the range of possible weather de-
velopments starting from the observed state of weather, we use its archive in a clima-
tological context. It provides a large number of modifications of observed storm events,
and includes storms that did not occur in reality. Thus it is possible to create a large
sample of storm events, which entirely originate from a physically consistent model,
whose ensemble spread represents feasible alternative storm realizations of the cov-
ered period. This paper shows that the huge amount of identifiable events in the EPS
is applicable to reduce uncertainties in a wide range of fields of research focusing on
winter storms. Wind storms are identified and tracked in this study over their lifetime
using an algorithm, based on the local exceedance of the 98th percentile of instanta-
neous 10 m wind speed, calculating a storm severity measure. After removing inhomo-
geneities in the dataset arising from major modifications of the operational system, the
distributions of storm severity, storm size and storm duration are computed. The over-
all principal properties of the homogenized EPS storm data set are in good agreement
with storms from the ERA-Interim dataset, making it suitable for climatological investi-
gations of these extreme events. A demonstrated benefit in the climatological context
by the EPS is presented. It gives a clear evidence of a linear increase of maximum
storm intensity and wind field size with storm duration. This relation is not recognizable
from a sparse ERA-Interim sample for long lasting events, as the number of events in
the reanalysis is not sufficient to represent these characteristics.
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1 Introduction

According to the records of insurance and re-insurance companies, wind storms are the
most costly natural hazards in Europe (Mlnchener Rickversicherungs-Gesellschaft,
2011). Fortunately, the most extreme events occur very rarely, but this makes it diffi-
cult to estimate their recurrence periods and other statistical characteristics, which can
only be estimated with large error bars assigned to them (cf. Della-Marta et al., 2009).
Studies estimating these parameters make use of reanalysis and station-data (e.g.
Della-Marta et al., 2009; Hofherr and Kunz, 2010) or climate simulations (e.g. Lecke-
busch et al., 2006). Most recently, a catalogue of damaging European wind storms was
produced by Roberts et al. (2014), based on the ECMWF ERA-Interim reanalysis. As
one quintessence of this study, it can be said that the EPS provides a reasonable op-
portunity to enlarge such a catalogue substantially. Statistical models like the random
walk or Markov Chain Monte Carlo models are often used to extend samples for the
estimation of the recurrence of severe storm events or extreme wind speed with return
periods of above 1000 years (e.g. Dukes and Palutikof, 1995). The principal idea to use
the EPS, for the same purposes, instead, is the fact that all EPS events are fully based
on a physical model, which has the big advantage of a good consistency and coverage
of the potential storm related risk. In a statistical sense, observations represent the re-
alized reality. Ensemble forecasts as part of the regular weather forecasts demonstrate
that individual weather events could have developed differently, starting from basically
the same initial weather conditions. In this sense, observations do not provide infor-
mation on potential alternative developments that could have been become reality with
a similar probability.

Studies on the EPS are mainly focused on the quality of the prediction. An exam-
ple of such a study related to European winter storms can be found in Buizza and
Hollingsworth (2002), where the focus lies on the predictability of the heavily impacting
winter storms of the year 1999. Froude (2006, 2009) have analyzed the predictability of
storm tracks and extratropical cyclones using a cyclone tracking algorithm by Hodges
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(1994). Froude and Gurney (2010) were focusing on the application of the EPS for the
oil and gas industry. Output of the ECMWF EPS in an impact based study was already
used for estimating the range of potential storm surge events at the German bight
(Koziar and Renner, 2005). The small area investigated in this study is, however, not
representative for winter storms in Europe. The current study aims at assessing clima-
tological properties of European winter storms, produced by the operational ECMWF
Ensemble Prediction System. Such an approach requires minimizing the effects from
inhomogeneities in the EPS introduced by the regular updates of this operational sys-
tem. They could produce systematic deviations from observed storms, the latter being
represented by the ERA-Interim reanalysis in our study. Beyond these changes, there
could be systematic forecast lead time dependent trends in the EPS dataset, affecting
storm characteristics like severity, duration or the affected areas. Jumps and trends as
well as biases must be initially addressed in order to carry out climatological investiga-
tions.

2 Data

Instantaneous 10m wind speed data at different archiving time steps as mentioned
farther below are considered. The area of investigation covers the Atlantic—European
region reaching from 40°W to 40°E and 25 to 80°N. For part of the studies in this
paper, the entire Northern Hemisphere was used in order to avoid boundary effects.
Used is an extended winter season from September to May.

2.1 ECMWF ERA-Interim

An archive of 6 hourly ERA-Interim reanalysis data (Dee et al., 2011) is used. At the
time the current study was performed, data before the year 1989 were not available, so
that the period considered is 1989 to 2010. ERA-Interim uses the 4D-Var assimilation
scheme and the IFS forecasting system release Cy31r2 at a horizontal spectral resolu-
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tion of T; 255. The same system release was operational from 12 December 2006 until
05 June 2007, but with horizontal resolution of T, 399 (for details refer to Palmer et al.,
2007).

2.2 ECMWF ensemble prediction system EPS

This section provides some relevant aspects about the ECMWF EPS. A more detailed
description of the EPS can be found in Palmer et al. (1992, 2007) and Molteni et al.
(1996). The Ensemble Prediction System of the ECMWF became operational in De-
cember 1992 (see Table 1 for an overview). Initially, 32 perturbed forecast members
(based on the method of singular vectors) plus one control forecast (not perturbed
against the original analysis, but using the EPS model system instead of its deter-
ministic counterpart) were produced. The number of perturbed ensemble members
was increased to 50 in December 1996. Since October 1998, part of the EPS runs
are produced including perturbations in the model physics. With increasing computing
power, continuous upgrades of the system lead to improvements in the forecast skill
(cf. Palmer et al., 2007). The horizontal resolution was increased from T63 to T, 159
(12.1996), T, 255 (11.2000), and T, 399 (02.2006) to T 639 (01.2010). The resolution
of the singular vectors was increased from T21L31, over T42L31 (03.1995), T42L40
(10.1999) to actually T42L62 (02.2008) (Palmer et al., 2007). Changes in the data as-
similation scheme (Rabier et al., 2000; Mahfouf and Rabier, 2000; Klinker et al., 2000)
from 3D-Var to 4D-Var were introduced in November 1997 (cf. Bouttier and Rabier,
1997). The EPS integration time is 15 days, but after 10 days of forecast the horizon-
tal resolution is decreased. Since March 2003, the system is initialized twice a day, at
12:00 and 00:00 UTC. In order to take the major changes into account, the dataset was
split into periods with constant horizontal resolution (Table 1). Data used in this study
cover the period until 25 January 2010, thus excluding the latest period with T 639
resolution. Depending on the period, the EPS data are available in 12, 6 and 3 hourly
temporal resolution. As ERA-Interim is only available in 6 hourly resolution, the EPS
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data with a 3 h resolution were used in subsets of 6 hourly resolution again. For the
12 hourly data, ERA-Interim was also used in this temporal resolution.

3 Methods

3.1 Identification and characterization of storms in mid-latitudes
— wind tracking

For the identification and characterization of European winter wind storms, an impact
related wind tracking algorithm developed by Leckebusch et al. (2008) is used. It identi-
fies grid points belonging to wind storms by searching for spatial clusters of grid points
(extending over an area of at least 1.6 x 10° km2) where the local 98th percentile of
wind speed is exceeded. The choice of the 98th percentile is motivated by the rele-
vance of this threshold for storm damages (Klawa and Ulbrich, 2003). The identified
clusters are connected to a track using a nearest neighbor criterion. The maximum
distance allowed to connect two clusters to a windstorm-track is limited by an assumed
maximum wind field propagation velocity of 120 km h™'. Inthe present study a minimum
lifetime of 24 h of an identified windstorm must be fulfilled, equivalent to 3 archived time
steps for the 12 h temporal resolution and 5 time steps for 6 h resolution periods (Ta-
ble 1). By summing the cube of the 98th percentile exceedances belonging to a track an
objective storm severity measure is determined. This measure, called Storm Severity
Index (SSI), is calculated for each storm over all time steps t and grid points k affected:

3
51 - zz (ma (1,24 ) 1) A] 1)
perc

3.2 Homogenization of the EPS

The improvements introduced into the operational EPS system mentioned above will
affect the results of the tracking procedure in different ways, but a main impact is due
1236
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to the changes in spatial and temporal resolution. Our approach is to handle these
changes as follows: first, the threshold value required for the tracking algorithm has
to be identified for each sub-period. Identification and tracking of the wind fields is
performed for each period with a specific spatial EPS resolution, thus avoiding inter-
polations of the wind fields. For the estimation of SSlIs according to Eq. (1) we apply
a two step procedure. First, the 98 % quantiles of each sub-period are homogenized
towards a common basis, using the ERA-Interim data set as a reference. We call this
“climatological scaling” (see Sect. 3.2.1). As the excess over the 98 % quantile used for
quantifying storm intensity can also be affected by the inhomogeneities, the quantile-
quantile mapping approach (cf. Boé et al., 2007; Maraun, 2013) is used in a second
step (see Sect. 3.2.2). A quantile-quantile mapping for the different periods without
previous climatological scaling is not suitable, as it would completely remove the (real)
climate variations.

3.2.1 Climatological scaling

Subdividing the EPS dataset into periods which are homogeneous in terms of the hor-
izontal resolution of the model system (see Table 1) reflects the finding that different
resolutions of the EPS system produce different wind speed biases and, as a conse-
guence, biases in SSls, storm duration and size. Differences in wind speed characteris-
tics for the periods considered can, however, also originate from climate variability. The
latter becomes evident when the ERA-Interim data is used for estimating this thresh-
old for the whole period and for the same sub-periods: Fig. 1 shows 98th ERA-Interim
percentiles using all land grid points in the Atlantic European area chosen. Land grid
points are shown, as the major interest is related to storm damages over land, but
the method is applied on all individual cells of the entire grid. The estimates for the
four sub-periods vary against the percentile computed for the complete period 1989 to
2010. The percentiles of the EPS versions with coarser horizontal resolution are found
to be lower than those with higher resolution. The effect from T 159 to T, 255 is much
stronger than from T 255 to T; 399. Note that for this intercomparison an interpolation
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towards the ERA-Interim grid had to be performed. The correction factor for the 98 %
quantile of each grid cell is computed taking the factor due to climate variation (as
estimated from ERA-Interim) into account.

3.2.2 Scaling of exceedance

After climatological scaling of the wind speed, the percentiles exceeding the 98th one
still differ between the sub periods, as shown in Fig. 2. The presented differences in
the tail seem to be very small, but as the cubic of these values is used and summed
over a larger quantity of grid cells for the SSI calculation, cf. Eq. (1), they are impacting
the results. A quantile-quantile mapping is for this reason used. After both climatolog-
ical scaling and quantile-quantile mapping, the ERA-Interim 98th percentile and the
exceeding wind speeds mapped on the ERA-Interim distribution can be used for the
SSI calculation in every sub-period.

4 EPS storm validation
4.1 Spin-up effects, threshold and diurnal cycle

Even though spin-up effects in numerical simulations are well known, their magnitudes
in the ECMWF EPS have not been a major issue in scientific literature. An exception
is the report by Lamquin et al. (2009) focusing on humidity in the upper troposphere.
Results of a search for a systematic variation of 98 % quantiles of wind are given in
Fig. 3 for the T 159, T 255 and T 399 resolutions. Average values over all land and
all sea boxes in the area considered have been computed for archiving steps of the
forecasts. For both land and sea grid points a small initialization effect in the first 6 to
12 h of the forecasts becomes visible. The percentile value in the T 159 resolution over
land, for example, is about 0.5ms™" higher during the first one to two archiving time
steps then subsequently. Over sea, there seems to be an effect with opposite signature
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(lower initial values) in the first 12 to 18 forecast hours. The data for T; 399 over sea
show the same initialization effect. The dominant feature in Fig. 3 is, however, a diur-
nal cycle with an amplitude of about 1 ms~' over land. Maxima occur at the forecast
time steps valid noon (12:00 UTC). Note that a corresponding cycle is also found in the
ERA-Interim data, with about the same amplitude (not shown). Conventional observa-
tions confirm that the daily cycle in the 10 m wind speed over land is a realistic feature
(Lapworth, 2008, 2012). The EPS with T 255 is characterized by an interfering daily
periodicity and an 18 h periodicity. As the daily cycle is small over sea, the 18 h period-
icity is well visible in Fig. 5e. The irregular behavior of the EPS with T 255 resolution is
apparently related to the stochastic perturbations of the model physics used during the
respective period as the unperturbed control forecast produces a regular daily cycle
(without figure). A more thorough investigation of the 18 h cycle is beyond the scope
of the present paper. We have not attempted to remove it from the investigation, but
comparing the windstorm statistics for this EPS resolution with the other periods we
found no evidence for a systematic effect.

4.2 Modifications of observed storms in the EPS: storm “Emma”

Different EPS members started at different lead times will produce modifications of
observed storm events in terms of their genesis time, track, and intensity. Before con-
sidering the respective statistics for the whole time series, we consider the storm event
named' “Emma” (28 February 2008) in more detail. At a lead time of 6 h, all of 50 EPS
runs produce a storm fulfilling our criteria that can be assigned to the observed one
(Fig. 4a). The majority of the simulated events are weaker than the intensity computed
from ERA-Interim, but for 12 members the simulated storm is stronger than observed.
At a lead time of 90 h, taken as a second example (Fig. 4b), in several runs no storm
is found. One member, however, produces a storm of about double the observational
SSI. The variations in SSI originate from variations in the intensity at individual grid

"Names are given by the Institute of Meteorology of Freie Universitat Berlin.
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points, in area and in storm lifetime, as depicted in Fig. 5 for the 6 h lead time. The
track of “Emma” in ERA-Interim and in the individual EPS members (Fig. 6) is found
by identifying a storm core from the weighted local SSI contributions of all storm grid
points at a time step, and connecting the centers from different time steps (Leckebusch
et al., 2008). While in many other cases the observed storm is found close to the centre
of the EPS ensemble member storms, all EPS tracks of “Emma” at this lead time are
located northward of the ERA-Interim storm (Fig. 6a). For the 90 h lead time (Fig. 6b),
the spread between the modified Emma tracks is larger. A notable feature of “‘Emma” is
the fact that the observed “Emma” tends to be at the border of the EPS ensemble also
for the long lead time. SSI values for all events detected in ERA-Interim and the EPS
(with lead times between 6 and 90 h) over the period 2001 to 2010 are shown in Fig. 7.
Over the entire period, the range of SSl in the EPS is much larger than in ERA-Interim.
This is partly due to the definition of the SSI, using cubic exceedances. As the moti-
vation for the SSI definition is damage potential, the additional events help to better
estimate potential storm risks for Europe, in particular with respect to the occurrence
of the most extreme storms.

4.3 Comparison of storm properties in the EPS and ERA-Interim

In order to compare the entire ensemble of storms in the EPS with those detected in
the ERA-Interim dataset, events not entirely captured in a forecast must be excluded.
They would erroneously be taken as short(er) living storm events. This situation may be
present if a storm is detected at the initialization time. In this case, it may have existed
before, but could not be tracked on the basis of the driving data. Removing all storms
existing at the start of the forecast, however, allows the full range of storm durations to
enter the statistics without a bias. A similar kind of problem would occur with storms
existing at the end of the 10 day forecast time. Here, the same solution cannot be
applied as it would prefer short duration storms for genesis occurring rather late in
the forecasted period. We decided to restrict the evaluated storms to those generated
at a maximum of 6 days after forecast initialization, leaving 4 days for a maximum
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duration. There is still a problem with storms lasting 4 days or longer. According to
ERA-Interim, only 0.8 % of storms are this long-lasting, and only a part of them (namely,
those generated at one of the time steps just before the 6 day limit) are affected. We
expect the impact on the results to be small. Also, the choice of 6 days is motivated
in the fact that it leads to an equal frequency of evaluated time steps at 0, 6, 12 and
18 h forecast time, thus ameliorating the effects of the 18 h periodicity in intensities
mentioned earlier.

Storm properties in the EPS compared to ERA-Interim

The average number, size and duration of storm events per year found in the four differ-
ent time periods characterized by the specific EPS resolutions is given in Table 2, both
for the EPS and ERA-Interim. The number of events in the EPS is the ensemble aver-
age over all available ensemble members, initializations per day, and over the forecast
length limited to storms lying inside the described six day window (cf. Sect. 4.3). This
number can thus be directly compared to the ERA-Interim values given in the same
table. The respective values are similar between the two datasets, meaning that the
storm properties in the EPS ensemble average are in good agreement to ERA-Interim.
In order to compare the severity distributions of the EPS and ERA-Interim events, seven
severity classes were formed making sure that a reasonable number of events in each
of the classes permit statistical tests. Sub periods with constant horizontal resolution
of the EPS are again distinguished. Note that the SSI values calculated from data with
twelve hourly resolutions (T63 and T 159) are expected to be lower than those from six
hourly resolutions (T 255 and T 399) (Fig. 8) due to the additional time steps included
for the latter. It can be seen how the results of the wind tracking differ for the EPS with-
out using any scaling technique, using only the climatological scaling, the scaling of
exceedance or both together. Using both scaling techniques, the severity distributions
of the EPS and ERA-Interim are comparable for all four sub periods. As it is difficult to
evaluate the benefit from the scaling techniques visually, a normal distribution was fitted
to the logarithmic of the SSI. The Anderson—Darling test indicates that the logarithmic
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of the SSI is normal distributed. The benefit from the scaling techniques is illustrated
in Fig. 9. Looking for the raw EPS data in T 399 resolution, they concord better with
ERA-Interim than the data in T 255. The effect of the climatological scaling is relatively
small. Using both scaling techniques together, the distributions between the EPS and
ERA-Interim look very similar. The fit parameters are shown in Table 3. Errors of the
parameters are very small in the EPS case due to its very large sample. The mean
and SD lies in between the error resulting from ERA-Interim. This means that the EPS
ensemble mean represents well the storm climate, which can be found in ERA-Interim.
Storm representations in the EPS and ERA-Interim with comparable SSI values show
in the average comparable storm duration as well as the storm size (without figure).

5 Spatiotemporal EPS storm properties
5.1 “Pure” and “modified” EPS storms

Most considerations in this paper are based on the imagination that the EPS produces
modifications of storms in the real world (subsequently called “modified EPS storms”),
or, for some ensemble members, low windspeeds and thus no storm at all. However,
the EPS can produce storm events that have no real world counterpart. As for statis-
tical investigations independent and identically distributed (iid) random variables are
necessary, such “pure” events are particularly interesting, because they can increase
the sample of independent events. Figure 10 shows a sketch of the definition of “pure”
and “modified” storms in this study. To identify “pure” EPS storm events, events are
searched for which no simultaneous counterpart can be found in ERA-Interim. We also
regard events as “pure” if there is a spatial distance of more than 1500 km between
contemporaneous events, as this is a typical synoptical scale of the investigated phe-
nomena.
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5.2 EPS storms during the forecast time

Using the aforementioned method to separate “pure” and modified storms, it can be
assumed, that close to the initialization time almost only modified storms can be found
in the EPS (Fig. 11). All ensemble members are likely to produce the storm that actually
occurred, even if properties like size and duration as well as severity vary between
the different realizations. For long lead times however, there is an increased number
of “pure” EPS storms (grey lines in Fig. 11). The example of storm Emma illustrates
that for longer lead times, a number of ensemble members do not show the storm
at all, and a larger variability can be found in the intensities. Note that the average
number of all storms in the EPS is nearly constant over the forecast time in spite of
the small variation in the percentile values (Fig. 3) over forecast time. This number is
similar to its ERA-Interim counterpart, supporting our approach to use the individual
period’s own percentile for storm identification. A diurnal variation in the number of
storms related to the diurnal variation in the 98th percentiles (Fig. 3) is reflected in
Fig. 11. As the percentile values used for the wind tracking are based on all data,
its values lie between the minimum and maximum value of the 6 hourly or 12 hourly
resolution. As at 12:00 UTC the 98th percentile value is above the 98th percentile of
the entire dataset, the probability of an exceedance at this time of the day is larger
than for the other times. For this reason the number of both first and final storm track
detections is larger at 12:00 UTC than for the other times.

5.3 Spatial distribution of storms

In order to investigate whether there is a difference in the spatial distribution of Euro-
pean winter storms between ERA-Interim and the EPS, the affection of each grid cell
by all detected storms per EPS sub period is computed. The footprint (region of grid
cells which is affected by a storm) of each detected storm is analyzed, and for each
grid cell the number of footprints affecting this particular grid cell is counted. For com-
parability the area affections for ERA-Interim are calculated for the same time frames
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as the EPS sub periods. The results for the ERA-Interim and EPS T, 255 resolutions
have identical grid points and are thus comparable without interpolation. For the com-
parison for the EPS with T 399 resolution, the result for ERA-Interim was interpolated
to this resolution. The entire Northern Hemisphere was used for the tracking to avoid
boundary effects caused by a limitation of the area. The basic distribution of the affec-
tions is similar in ERA-Interim and the EPS. The lower number (300 times; EPS with
50 member lasting over 6 days) of events available in the observational data causes
a much noisier distribution than what is obtained from the EPS. There are local maxima
in ERA-Interim for example over North Africa and the Mediterranean which the forecast
model is not able to reproduce.

5.4 “Modified” vs. “pure” EPS storms

The interest in “pure” EPS storms is originated in the wish to find events which are
independent to modifications of ERA-Interim storms. Using the same procedure as in
the section before to determine the spatial affections, but only for footprints of “pure”
EPS storms, defined after the method explained in Fig. 10, the results are shown in
the Fig. 13 for the EPS with T 255. Over the Atlantic the number for the “pure” EPS
storms is lower than over North Africa and Eastern Europe. The major track of the storm
systems is not so strongly affected by “pure” EPS storms as the regions where storms
appear less frequently. This has the consequence that the use of “pure” EPS storms as
a supplemental amount of events for increasing an independent sample of “modified”
storms leads to a bias in the spatial distribution of storms. Using the presented method,
the dependency between events to create an iid-sample is defined by a comparison to
ERA-Interim. Another feasible approach is to use a matching criterion in between all of
the EPS events.
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5.5 Storm intensity vs. duration

A benefit of storm statistics based on the EPS instead of Reanalysis is the larger num-
ber of storms available for statistical studies of typical mid-latitude storms. The Fig. 14
shows a clear correlation between the storm duration and the maximum wind field size.
For storms with duration of up to 54 h, ERA-Interim shows a comparable picture to the
EPS. This can be explained by the fact that the number of observed storms of this time
scale is large enough to provide a reliable statistic. The EPS indicates that the average
spatial growth of storms is independent of their duration, while the duration determines
the maximum extension. For long lasting events there seems to be an asymmetry be-
tween the growth and the decline, where the growth seems to be faster than the decline.
With respect to storm severity, a similar interdependence is found (Fig. 15). Again, the
intensification of storms on average is nearly independent of storm duration.

6 Conclusions

Atlantic—European windstorms were identified in the archived dataset of the ECMWF
Ensemble Prediction System (EPS) forecasts in the period December 1992 to Jan-
uary 2010. The identification of windstorms was based on the excess over the local
98th percentile of wind speeds (Leckebusch et al., 2008), only taking into account
events which have a minimum extension in a single archived time step, and a mini-
mum duration of 24 h (with fulfillment of the minimum extension criterion in each of
them). The fact that the operational EPS changed its characteristics to the value of the
98th percentile required that a homogenization procedure was applied to 4 sub peri-
ods characterized by different spatial resolutions of the system. Temporal variation of
the percentile due to climatic variations and variations with respect to the cubic excess
over the percentile (assumed to be model version specific) were taken into account.
A diurnal cycle in the 98th percentile of the 10 m wind speed was observed in the EPS,
which is also present in ERA-Interim. These diurnal variations comprise a systemati-
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cally higher value of the threshold percentile for the 12:00 UTC only, which are about
1ms™ larger than the respective values at the other 6 hourly time steps. This effect
also leads to a diurnal variation in the number of storms initiations and ends. Averaged
over a large number of storms, this diurnal variation can be seen in the severity at dif-
ferent times of a day. This behavior is, however, partly hidden in the EPS with T 255
resolutions, as these forecasts have an 18 h periodicity in the threshold for individual
time steps presumably assigned to the specific stochastical perturbations imposed in
the ensemble generating process during the respective period. None of these effects
did have an apparent strong impact on the subsequent evaluations of the EPS as all
forecast time steps inside a 6 days window were taken into account. The overall EPS
storm properties were found to be similar to ERA-Interim storm properties. In the av-
erage the EPS produces the same number of storm days as ERA-Interim. There is no
systematic tendency in the total number of storms. The EPS produces developments of
storms, which have no observational counterpart. While the principal statistical proper-
ties are the same as for modifications of modified representatives of real storms, their
share in the total number increases with increasing lead time. They have a spatial dis-
tribution of occurrence different from the observed and modified storm, with a focus on
the Mediterranean and Eastern Europe. The statistics of the storms indicates a clear
increase of maximum intensity and extension of Atlantic—European storms with their
duration. This result from the EPS cannot be obtained easily from Reanalysis as the
number of very strong events is too low to provide stable statistics. As the spatial dis-
tribution, the number of events, the size and duration of events of same severity is in
good agreement with real storm events, the EPS can be used to increase the sample
size for European winter storm studies by a factor up to number of ensemble member,
initializations per day and forecast time. As we used 50 perturbed members and six
forecast days, we get a sample size increase of 300 times. For estimations of return
periods it has to be taken into account that storm representations are not statistical
independent. They are also limited to climate conditions (e.g. SSTs) during the 10 year
period considered. Still, the consideration of EPS storms enables us to estimate the
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potential for an occurrence of storms more extreme than observed based on a physical
modeling approach. Compared to estimating return periods of extreme storms from
statistics based on observed events, the basis of return periods is much larger and
thus the respective estimations have less uncertainty. Summing up, the EPS shows
realistic storm properties with a wide range of modifications in the storm properties,
where storms can be found with a higher possible impact than appeared as in reality,
thus the ability to use this dataset for statistical studies is given.
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Figure 3. Average of 98th percentile [m/s] for different forecast lead times (right axis, [h] after
initialization): for T 159 12 hourly (a, d), T, 255 (b, ) and T, 399 6 hourly (c, f). (a)—(c) for land
grid boxes, (d)—(f) for sea grid boxes.
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Figure 7. SSis for all storms in ERA-Interim in 2001 to 2010 and for the EPS in 2001 to 2010
with initializations at 12:00 UTC.The months June, July and August are excluded.
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Figure 8. No. of storm events per year subdivided according to the severity, for the four individ-
ual sub periods with constant horizontal resolution (a) T63 (b) T, 159 (¢) T, 255 (d) T 399 of the
EPS. (T63 and T, 159 in 12hourly resolution for EPS and ERA-Interim.) First bar is for ERA-
Interim, the other for the EPS (bars from left to right: 2nd) EPS raw data, 3rd) processed by
climatological scaling, 4th) processed by scaling of exceedance and 5th) applying both scaling
techniques on the data.
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Figure 10. Sketch of Definition for “pure” and “modified” EPS storms.
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