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ABSTRACT

An analysis of the storm climate of the northeast Atlantic and the North Sea as simulated by a regional
climate model for the past 44 yr is presented. The model simulates the period 1958–2001 driven by the
National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP–
NCAR) reanalysis. Comparison with observations shows that the model is capable of reproducing impact-
related storm indices such as the number of severe and moderate storms per year or the total number of
storms and upper intra-annual percentiles of near-surface wind speed. The indices describe both the year-
to-year variability of the frequency, as well as changes in the average intensity of storm events. Analysis of
these indices reveals that the average number of storms per year has increased near the exit of the North
Atlantic storm track and over the southern North Sea since the beginning of the simulation period (1958),
but the increase has attenuated later over the North Sea and the average number of storms per year has
been decreasing over the northeast Atlantic since about 1990–95. The frequency of the most severe storms
follows a similar pattern over the northeast North Atlantic while too few severe storms occurred in other
areas of the model domain, preventing a statistical analysis for these areas.

1. Introduction

Extratropical storms are a natural phenomenon that
receives high public attention because of their high
damage potential. Over the oceans, the high wind
speeds associated with these events often cause ex-
treme wave and surge conditions that, together with
extreme wind speeds, may cause structural damages
and thus represent potential hazards for shipping, fish-
ing, offshore operations, and coastal protection, among
others.

The question of whether the frequency or the inten-
sity of extratropical storms may have changed within
the past few decades and what such changes might look
like, has been the subject of many investigations in the
recent past (e.g., WASA Group 1998; Schmith et al.
1998; Alexandersson et al. 2000; Bromirski et al. 2003).
Other authors focused on the changes to be expected in
a future climate under changing atmospheric green-
house gas concentrations (e.g., Beersma et al. 1997;
Zwiers and Kharin 1998; Lionello et al. 2002; Geng
and Sugi 2003). Considering the typical lifetimes of
offshore structures or vessels in relation to the time

scale for which a significant increase in atmospheric
carbon dioxide concentrations is to be expected, such
studies emphasize the importance for future planning
purposes.

Extratropical storms are complex phenomena.
Therefore, there are different analysis techniques that
focus on different aspects of storm activity. For in-
stance, studies concentrating on eddy growth rate (e.g.,
Hoskins and Valdes 1990) or bandpass-filtered variabil-
ity (e.g., Blackmon 1976) focus more on the dynamical
aspects of storm activity and generation. Studies ana-
lyzing storm surges (e.g., Flather and Smith 1998; Lan-
genberg et al. 1999; Woodworth and Blackman 2002) or
ocean wave heights (e.g., Günther et al. 1998; Vikebø et
al. 2003) are more concerned with the impacts caused
by severe storm events. Studies that [based on sea level
pressure (SLP) maps] count the number of cyclones in
an area using more or less sophisticated approaches
usually focus mainly on changes in storm frequencies
and/or changes in the core pressures of these cyclones
(e.g., Zhang and Wang 1997; Simmonds and Keay 2000;
Gulev et al. 2001). Analyzing changes in storm activity
for the period 1949–99 using different techniques,
Paciorek et al. (2002) concluded that, although there is
some overall agreement in the results provided by the
different approaches, regional details, and/or time be-
havior of the results obtained from the different ap-
proaches may vary significantly.
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For many practical applications impact-related mea-
sures are the most important. Wind speed would thus
represent an optimal parameter for investigation as
many hazards and damages are directly or indirectly
(e.g., storm surges or extreme wave heights) related to
it. However, when analyzing long-term changes in
storminess, wind speed does not represent an optimal
choice for several reasons: Wind speed observations
that cover sufficiently long periods to allow the assess-
ment of long-term changes and trends in storminess are
only available at a few places. Often these measure-
ments are affected by inhomogeneities, that is, they suf-
fer from changes in instrumentation, measuring tech-
niques, or changes in the surrounding of the station that
may introduce spurious trends in the time series that
are not related to changing storminess (e.g., WASA
Group 1998). In addition, over the oceans, direct wind
measurements are rare. Therefore, impact-related
proxies such as geostrophic wind speed derived from
station pressure observations (e.g., Schmidt and von
Storch 1993) or, for the marine sector, storm surges
(e.g., von Storch and Reichardt 1997; Woodworth and
Blackman 2002), and wave heights (e.g., Kushnir 1997;
WASA Group 1998) are frequently analyzed to assess
long-term changes in storminess. For these proxies,
longer and often more homogeneous time series are
available than for wind speed. Other authors statisti-
cally combine wind speed measurements from periods
that may be regarded as sufficiently homogeneous with
large-scale data that are more homogeneously available
for longer periods. An example of such an analysis is
provided by Kaas et al. (1996) who used a statistical
relationship between monthly means of SLP and wind
speed observations at 10 northwestern European sta-
tions for the period 1961–87 to provide a reconstruction
of the storm climate back to 1903. While this approach
allows the reconstruction of local wind conditions for
periods much longer than those for which direct (ho-
mogeneous) wind speed measurements are available,
such reconstructions retain only that part of the vari-
ability that is controlled by the large-scale atmospheric
circulation (e.g., von Storch 1999), while regional
changes appear to be undetected. Therefore, attempts
to provide gridded reconstructions of the wind (and
wave) climate based on dynamical models have been
increasing in recent years (e.g., Günther et al. 1998;
Sterl et al. 1998; Cox and Swail 2001).

As mentioned earlier, direct wind measurements
over the oceans are sparse. The situation improved
when satellite data became routinely available and
were assimilated in weather analyses. However, even
weather analysis products are subject to a number of
changes over time, such as changes in the numerical
models and the data assimilation techniques used, or
the day-by-day availability and quality of observational
data. As for direct observations, these shortcomings
may induce changes in the analysis products that are
unrelated to changing weather conditions. To reduce

these shortcomings, recently, so-called reanalyses proj-
ects have been initiated (e.g., Gibson et al. 1996; Kalnay
et al. 1996). While little can be done to improve the
quality, coverage, and resolution of the observational
data used in the reanalysis, inhomogeneities related to
changing analysis techniques are strongly reduced by
using fixed state-of-the-art numerical models and data
assimilation techniques.

Presently the longest reanalysis available is the one
performed by the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR; Kalnay et al. 1996; Kistler et al. 2001).
From this reanalysis, atmospheric data are available
globally every 6 h for the period 1958–2002. The spa-
tial resolution of these data is about 210 km � 210
km (T62). Recently, subsets of this reanalysis have been
used to analyze changes in the storm climate. Exam-
ples are provided by Gulev et al. (2001), Harnik and
Chang (2003), or Paciorek et al. (2002), and references
herein.

Feser et al. (2001) have used the NCEP–NCAR re-
analysis to drive a regional climate model (RCM) and
performed a dynamical reconstruction of the atmo-
spheric conditions from 1958 to 2001 at a resolution of
about 50 km � 50 km. Their model domain covered
Europe, the Baltic Sea, and the North Sea, together
with the adjacent parts of the northeast North Atlantic.
Compared to the driving NCEP–NCAR reanalysis, the
enhancement in spatial resolution is about 1:16. Fur-
thermore, the complete model output is also available
at a very high temporal resolution (every hour), com-
pared to the conventional 6-hourly interval at which
operational analyses and reanalyses are usually pro-
vided. So far, all studies analyzing changes in stormi-
ness based on the NCEP–NCAR reanalysis data are
subjected to the comparatively low resolution at which
the reanalyses are run. In addition, most of these stud-
ies analyzed proxies for storminess (e.g., cyclone
counts) that did not utilize near-surface wind speeds
directly. Because of the high spatial and temporal reso-
lution, as well as the availability of high-resolution grid-
ded near-surface wind speed data, the simulation of
Feser et al. (2001) presently comprises an optimal
dataset to study and assess regional details of changing
storminess over the past few decades. The latter is the
purpose of this study. Our intention is twofold: First, we
want to demonstrate that the model is indeed capable
of reasonably simulating near-surface marine wind
speed statistics that can be used to assess impact-related
changes in storminess. Second, we want to analyze and
assess the changes simulated by the RCM over the past
few decades and examine the regional details of these
changes.

The paper is structured as follows: Section 2 briefly
describes the RCM and the simulation performed by
Feser et al. (2001). In section 3, a brief description is
provided of near-surface wind speed statistics that
characterize the local storm climate and that are used in
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this study. In addition, we will compare these statistics
with indices derived from direct wind speed mea-
surements in order to demonstrate the extent to which
the model is capable of simulating the statistics of
extreme wind events (storms). Based on these wind
speed statistics, the average storm climate of the simu-
lation together with the changes that occurred over the
past few decades are presented and discussed in sec-
tion 4. Then in section 5 our results are summarized
and discussed in relation to the findings of previous
studies.

2. The RCM simulation: 1958–2001

We briefly describe the RCM simulation that has
been performed by Feser et al. (2001) and from which
the basic dataset for our analysis was obtained. The
simulation was performed with the Regional Model
(REMO) described in detail in Jacob and Podzun
(1997) and Jacob et al. (1995). The model is based on
primitive equations and is formulated for a gridpoint
and terrain-following hybrid coordinate system. The
prognostic variables are surface pressure, horizontal
wind components, temperature, specific humidity, and
cloud water. Furthermore, a soil model is included to
account for variations in soil temperature and water
content.

The experiment we analyze is a multidecadal REMO
integration described in detail in Feser et al. (2001).
The purpose of this integration was to provide a recon-
struction of the regional atmospheric conditions during
1958–2001 for Europe and adjacent seas. In this inte-
gration, the model was forced by the NCEP–NCAR
reanalysis. The NCEP–NCAR forcing was provided at
eight grid points at the lateral boundaries using the
classical approach described by Davies (1976). Addi-
tionally, the NCEP–NCAR large-scale circulation was
forced upon the regional model using the spectral nudg-
ing approach suggested by von Storch et al. (2000).
Spectral nudging may be seen as a suboptimal and in-
direct data assimilation technique (von Storch et al.
2000), depending on the quality of the global forcing
fields. In case no further observations are available for
assimilation into the regional model, spectral nudging
can be considered as a simple approach to “assimilate”
those scales of the global reanalysis in which we have
the highest confidence. In other words, we would not
like the regional model to significantly modify those
scales that are reasonably resolved by the global re-
analysis and that are supported by data assimilation.
Weisse and Feser (2003) showed that the representa-
tion of extreme events in near-surface wind speed could
indeed be improved in an RCM simulation when the
spectral nudging approach was adopted. In the follow-
ing, we will refer to a REMO setup utilizing the spectral
nudging approach as SN-REMO.

The analyses presented in this paper are based on

hourly near-surface wind speeds (10-m height above
the surface) obtained from the described multidecadal
regional atmospheric reconstruction. These data were
available on a 50 km � 50 km grid covering Europe, the
Baltic Sea, the North Sea, and adjacent parts of the
northeast North Atlantic. The exact location and size of
the model domain can be inferred from Fig. 1. Addi-
tionally, the locations of observing sites used for com-
parisons are indicated in Fig. 1. The comparisons are
limited to stations in the North Sea. More comparisons
of SN-REMO winds with observations in the Atlantic
and the Mediterranean Sea can be found in García-
Sotillo (2003) and Feser et al. (2003).

3. Comparison of near-surface wind speed
statistics as derived from model simulation and
from observations

a. Wind speed–based indices for storminess

The near-surface wind speeds obtained from the mul-
tidecadal simulation of Feser et al. (2001) can be con-

FIG. 1. The model domain used for the multidecadal SN-REMO
integration. Land points are indicated in gray. The three crosses
labeled FRG, EKO, and K13 show the locations of observing sites
used for comparisons with the SN-REMO simulation.
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sidered as relatively homogeneous.1 In addition, they
are available in gridded form at high spatial and tem-
poral resolution (every hour). Thus, instead of adopting
more frequently used approaches such as cyclone
counts based on modeled surface pressures, we decided
to analyze near-surface wind speeds directly. The high
wind speeds usually associated with extratropical
storms are directly linked to the potential hazards and
damages that can be caused by a particular storm.

In many studies (mostly based on station data) intra-
annual wind speed percentiles are chosen to assess
changes in the storm climate within a particular area
(e.g., Schmidt and von Storch 1993). Here, for instance,
the 99th percentile denotes the wind speed that is (in a
particular year) exceeded by only 1% of the observa-
tions. Thus an increase or a decrease in this wind speed
percentile over several years provides an indication for
a change in the storm climate. This change may be
caused by more/less frequent or more/less violent
storms or a combination of both.

To distinguish between both effects we chose a some-
what different definition: We identified a storm when-
ever the local near-surface instantaneous wind speed
exceeded the threshold for Beaufort number (BFN) 8
(gale) on the Beaufort wind scale (17.2 m s�1). We
classified the event as a moderate storm whenever
(based on hourly values) the highest wind speed that
occurred during that event, remained smaller than BFN
10 (�24.5 m s�1; Beaufort storm). Events with maxi-
mum wind speeds exceeding BFN 10 were classified as
severe storms. According to this classification the total
number of storms is the number of moderate storms
plus the number of severe storms.

This storm counting has been performed separately
at each model grid point. In order to analyze indepen-
dent storm events, we further required that two storm
events should be separated by at least 24 h, motivated
by the average speed of low pressure systems at mid-
latitudes (e.g., Liljequist 1994). Storms were counted
both annually and for the winter season only [Decem-
ber–January–February; (DJF)] Since our conclusions
were not affected when changing from annual to sea-
sonal storm counts, results for the annual counts are
shown throughout the paper. Only in the section de-
scribing the relation with the large-scale atmospheric
pressure field, will storm counts for the winter season
be shown and discussed.

b. Comparison of model results with observations

For a number of marine stations, for which near-
surface wind speed measurements were available,
storm counts according to the definitions presented in

the previous section have been determined and com-
pared to those obtained from the RCM simulation. The
result for Ekofisk, a platform located in the central
North Sea, is shown in Fig. 2. In addition, comparisons
of different intra-annual wind speed percentiles, as ob-
tained from measurements and model simulation, are
also shown. In general, all wind speed statistics show a
reasonable agreement between observations and model
results: Mean values as well as inter-annual variability
of the different indices appear to be reasonably repro-
duced by the model. For the storm-count indices, a
slight tendency toward an underestimation appears to
occur for the number of total and moderate storms.
Some of the differences between the model and obser-
vations can be explained by reduced data availability.
When the model data are subsampled and analyzed
only for those periods for which measurements have
been available, the differences are reduced for some
years indicating that measurements have failed in peri-
ods in which storms were present in the model. For
Ekofisk, this is most obvious for 1983, while other years
are less influenced by reduced data availability.

The number of severe storms at Ekofisk is remark-
ably small when derived from both observations and
model simulation. During the entire 44-yr period not
more than 4 severe storms per year have been identi-
fied for Ekofisk in the observations, and not more than
3 severe storms per year were found in the model re-
sults. Because of these small numbers, any systematic
long-term change in the number of severe storms will
be difficult to assess in a statistical sense. Severe storms
are events with values far away from the mean and they
are, by definition, less likely to occur. Any changes dis-
cussed here should therefore be considered with care.
On the other hand, moderate storms are more frequent
and assessing their changes therefore appears to be
more robust.

Figure 3 shows the total number of storms and intra-
annual wind speed percentiles for two more stations for
which we have observational data. For K13-Alpha
there is, again, reasonable agreement between the mod-
eled and the observed storm indices. As for Ekofisk,
the number of severe storms is relatively small (maxi-
mum 4 yr�1 in the observations and 2 yr�1 in the model
run) and the model seems to slightly underestimate the
number of total and moderate storms. The modeled
wind speed percentiles show a rather good agreement
with the observations. From about 1993 the number of
storms, as well as the upper wind speed percentiles ob-
tained from the observations, show a systematic de-
crease toward the end of the simulation period. This
decrease could not, at least not in this strength, be ob-
tained from the model data, resulting in larger discrep-
ancies between observations and model-simulated
storm indices at the end of the simulation period, in
particular between 1998 and 2000. In 2001 the agree-
ment between the modeled and the observed number
of storms is again reasonable. In order to check whether

1 They are homogeneous to the extent that the driving reanaly-
sis can be considered homogeneous (see the introduction). No
changes were applied to the model system during the integration.
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this behavior is systematic, a similar analysis for Euro-
platform was performed. Europlatform is located ap-
proximately at 52°N, 3.28°E, not too remote from K13-
Alpha. Again we found a good agreement between the
modeled and observed storm indices. However, the re-

sults for Europlatform do not show any systematically
increasing discrepancy between model values and ob-
servations toward the end of the simulation period (not
shown) as it was described for K13-Alpha. We also
compared model-derived wind speed statistics with

FIG. 2. Annual storm counts and intra-annual wind speed percentiles at the platform
Ekofisk in the central North Sea (56.5°N, 3.2°E). (a) Total number of storms; (b) number of
moderate storms; (c) number of severe storms; (d) (from bottom to top) intra-annual 50th,
90th, 95th, 99th, and 99.9th percentile of near-surface wind speed. Model results are shown as
solid lines, and observations are shown as dashed lines marked with crosses. Triangles show results
from subsampled model data taking only periods with available measurements into account.
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those based on measurements at Frigg (Fig. 3). Frigg is
located at 59.9°N, 2.1°E, closer to North Atlantic storm
track than the stations previously considered. Com-
pared to the other stations, storms occur slightly more

frequently at Frigg both in the observations and the
model simulation. Again the agreement between wind
speed statistics derived from the model and the obser-
vations appears to be reasonable.

FIG. 3. (a), (c) Annual storm counts and (b), (d) intra-annual wind speed percentiles at the
platforms (upper panels) K13-Alpha in the southern North Sea (53.22°N, 3.22°E) and (lower
panels) Frigg (59.9°N, 2.1°E) northwest of Scotland. For each station the upper panel shows
the total number of storms while the lower panel represents (from bottom to top) the intra-
annual 50th, 90th, 95th, 99th, and 99.9th percentiles of wind speed. Model results are shown
as solid lines, and observations are shown as dashed lines marked with crosses. Triangles show
results from subsampled model data taking only periods with available measurements into
account.
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Apart from the mentioned discrepancies we found,
however, a good agreement between near-surface wind
speed statistics obtained from model values and obser-
vations. Similar results have been reported recently
also by García-Sotillo (2003) who compared observed
near-surface marine wind speed statistics with those de-
rived from a multidecadal SN-REMO simulation
driven by the NCEP–NCAR reanalysis. García-Sotillo
(2003) additionally showed that at buoys from which
data had been assimilated into the reanalysis, no major
differences occurred between observed wind speed sta-
tistics, those derived from the SN-REMO integration,
and the statistics obtained directly from the reanalysis.
However, when the comparison was made for buoys
that had not been used for data assimilation, the SN-
REMO simulation performed remarkably better. In
particular, the statistics for high wind speeds improved
significantly and, compared to the statistics obtained
directly from the driving reanalysis, showed a much
better agreement with observations. The latter demon-
strates the extent to which, for marine wind speed sta-
tistics, added value can be obtained from a dynamical
downscaling of the NCEP–NCAR reanalysis.

Recently wind fields from multidecadal SN-REMO
simulations driven by NCEP–NCAR reanalysis data
have also been used to drive ocean wave and storm
surge models (e.g., Soares et al. 2002; Weisse et al.
2002). The results of these simulations show a good
agreement with observations and may be considered as
proxies for the quality of the driving wind fields.

Based on our own material and the evidence pro-
vided in the studies discussed above, we conclude that
SN-REMO is capable of reasonably reproducing ob-
served wind speed statistics, in particular, the average
number of storms per year as well as their interannual
variability. This conclusion is based solely on the com-
parison of model results with marine station data. Al-
though we realize that land surface variables are rel-
evant for many applications, we excluded land stations
from the analysis for the following reasons: As in many
other models, surface fluxes of momentum, heat, mois-
ture, and cloud water are calculated from the Monin–
Obukhov similarity theory with transfer coefficients de-
pending on roughness length and Richardson number
(Louis 1979). Over sea, the roughness is computed from
the Charnock relation (Charnock 1955) modified after
Miller et al. (1992). Over land, the roughness is a geo-
graphically prescribed function of vegetation and orog-
raphy. As the terrain becomes increasingly complex,
wind fields become more inhomogeneous, and a com-
parison of individual point measurements with model
values, which represent an average value over a grid
cell (here about 50 km � 50 km), appears to be not
justified. Over land, modeled grid cell averages hardly
exceed the threshold for BFN 8 (gale) for the entire
simulation period. Therefore, land areas are excluded
from the analysis. Over the oceans, however, wind

fields are sufficiently homogeneous within a grid box to
justify a direct comparison with measurements. Based
on our analysis, the results provided by Feser et al.
(2003) who concluded that the RCM simulation reason-
ably reproduces observed wind field variance even in
the high-frequency range as well as on the results from
García-Sotillo (2003) discussed above we assume that
the model provides a reasonable representation of the
marine storm climate also for those areas and periods
for which no direct measurements were available for
comparison. In the following section we will analyze
gridded model results to provide a more comprehensive
overview of the changes in storminess that occurred in
the analyzed model period 1958–2001.

4. The average modeled storm climate and
recent changes

a. The average storm climate

Based on the 44-yr period, 1958–2001, simulated with
the regional model, the average number of storms per
year at each wet grid point in the model domain has
been computed. The highest storminess is associated
with the exit of the North Atlantic storm track with a
maximum found approximately south of Iceland (Fig.
4). Here, on average, more than 50 independent storm
events per year with wind speeds exceeding BFN 7 do
occur. From these roughly 50 events per year, approxi-
mately 12%–14% are classified as severe storms with
maximum wind speeds exceeding BFN 10 (not shown).
The remainder represents moderate storms with maxi-
mum wind speeds between BFN 8 and 10. The ratio
between severe and moderate storms systematically de-
creases eastward and southward. Over the North Sea,
on average, only one or two severe storms are found
per year. South of about 45°N no severe storms were
identified in the simulation.

b. Recent changes in storminess

1) TRENDS

In order to assess systematic changes in the fre-
quency of moderate, severe, and the total number of
storm events that may have occurred over the simula-
tion period, linear trends have been computed. The re-
sult is shown for the total number of storms in Fig. 5.
Considering the entire simulation period 1958–2001, an
increase in storminess for most marine areas north of
about 45°N was found with maxima located approxi-
mately south and north of Iceland, as well as near Scot-
land and off the Norwegian coast. Here, an average
increase of about 0.3 storms per year was estimated,
which means compared to the beginning of the simula-
tion period on average about 13 more storms per year
were identified at the end of the simulation period for
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those regions. South of about 45°N, the pattern appears
to be more noisy, providing indications of smaller and
less systematic changes in the total number of storms.
In addition, for some areas south of 45°N, a tendency
toward decreasing storminess seems to exist (Fig. 5).
The relative increase in storm frequency is strongest
over the southern North Sea and the Baltic Sea where
it reaches values of about 1%–2% yr�1 while for all
other areas, changes are mostly less than 1% yr�1 (not
shown).

For moderate storms the spatial pattern of the
changes is rather similar (not shown). For severe storms
the changes are more difficult to assess since these
events are rare in the model simulation. Trends were
therefore computed only for those grid points at which,
on average, at least one severe storm per year occurred.
The results of this computation indicate that the num-
ber of severe storms increased near the exit of the
North Atlantic storm track by up to 0.1 storm per year,
which corresponds to an increase of about 4 to 5 storms
per year over the entire simulation period, or about
2% yr�1.

In order to assess the significance of our results we

tested whether the null-hypothesis trends not signifi-
cantly different from zero could be rejected at the 5%
significance level. The hypothesis was tested perform-
ing a Mann–Kendall test (Mann 1945; Kendall 1970)
locally at each grid point. The test was applied to the
prewhitened time series (Kulkarni and von Storch
1995) to account for the serial correlation present in the
data. For the total number of storms, the result is shown
in Fig. 5. It can be inferred that the changes north and
south of Iceland as well as east of about 10°W, near
Scotland, off the Norwegian coast, as well as over the
North Sea and the Baltic Sea, appear to be significantly
different from zero. For severe storms, only the changes
in two small areas centered at about 57°N, 20°W and
65°N, 0° appear to be significantly different from zero
(not shown).

The spatial patterns of the described changes bear
some resemblance to those described in earlier studies.
For instance, Günther et al. (1998) analyzed upper in-
tra-annual wind speed percentiles derived from the

FIG. 4. Average number of independent storm events per year
with maximum wind speeds exceeding 17.2 m s�1. Contour lines
are drawn for every 5 storms per year. For exact definitions see
text.

FIG. 5. Linear trend for the number of independent storms per
year with maximum wind speeds exceeding 17.2 m s�1. Contour
lines show the trend 1958–2001 in number of storms per year. The
zero contour line is dashed. Areas for which these trends are
significantly different from zero at the 95% significance level are
indicated by light gray shading. To assess the significance of the
trends the Mann–Kendall test was applied to the prewhitened
time series.
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weather analyses provided by the Norwegian Meteoro-
logical Institute. For the period 1955–94 these percen-
tiles showed an increase between Iceland, Scotland, and
off the Norwegian coast, as well as over the North Sea;
while south of approximately 50°N, a decrease for some
areas may be inferred.

2) PIECEWISE LINEAR TRENDS

While many studies have reported an increase in
storminess since about 1960 or so over Europe and
some of the adjacent marine areas (e.g., WASA Group
1998), indications do exist that the increase has weak-
ened or even changed into a decrease in the last few
years (e.g., Alexandersson et al. 2000; Schmidt 2001). In
order to elaborate whether this is confirmed by our
simulation and whether regional differences in these
changes may be detected we slightly increased the com-
plexity of the linear trend model applied in the previous
section,

yi � axi � b, �1�

where yi denotes the number of storms in year i, x
denotes time, and a represents the linear trend. In this
section, the model (1) was modified such that trends
may change their amplitude and/or their sign once at a
year T during the 1958–2001 simulation period,

a, b � �a1, b1 : i � T
a2, b2 : i � T

, �2�

with the continuity condition that

a1xT � b1 � a2xT � b2. �3�

We will refer to the results of this slightly more complex
linear trend model as piecewise linear trends. It should
be emphasized that the intention of this rather simple
model is not to provide a perfect fit to the data. Rather
the intention is to slightly increase the degrees of free-
dom and complexity of our statistical model in order to
elaborate whether the linear trends in storminess de-
scribed in the previous section can be considered as
representative for the entire 1958–2001 period. Note
that the year T at which trends may change their am-
plitudes and/or signs also represents a free parameter
that is fitted to the data. It provides a rough indication
at which times trends are most likely to have changed at
individual grid points within our simulation period.

The piecewise linear trend model was fitted to the
data locally at each grid point using a least squares
method. The results of this exercise for the total num-
ber of storms are shown in Fig. 6. It can be inferred that
the number of storms has increased at the beginning of
the simulation period, in particular near the exit of the
North Atlantic storm track and the southern North Sea.
South of approximately 50°N, a decrease in storminess
is obtained for some regions (Fig. 6a). However, this
pattern does not remain constant for the 1958–2001 pe-
riod but has changed considerably in later years for

which a decrease in storminess is found near the exit of
the storm track and off the Norwegian coast. Over the
southern North Sea, the increase has weakened while
south of about 50°N an increase in storminess may be
inferred (Fig. 6b). The piecewise linear trend model
suggests that over the northeast Atlantic, the change
from an increasing trend toward a decreasing trend in
storminess had occurred between about 1990 and 1995
(Fig. 6c). Over the North Sea, the spatial pattern of T is
more noisy, indicating changes in trends between about
1962 and 1985. Over the Atlantic part of the model
domain, the increase in storminess north of about 50°N
at the beginning of the simulation period is accompa-
nied by a corresponding decrease south of 50°N (Fig.
6a). This pattern changes toward the end of the simu-
lation period when the number of storms increases
south of and decreases north of about 50°N (Fig. 6b).
This would be consistent with a north–south shift in the
North Atlantic storm track.

To test the extent to which this interpretation is in-

FIG. 6. Piecewise linear trends in the total number of storms per
year with maximum wind speeds exceeding 17.2 m s�1. (a) Linear
trend a1 for the 1958–T period; (b) linear trend a2 for the T–2001
period. Units in both cases are number of storms per year. (c)
Year T at which a change in trends is indicated by the statistical
model. (d) Skill of the piecewise linear trend model with respect
to a simple linear trend model. For exact definitions see text.
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fluenced by the rather low storm activity in the last year
of our dataset, the analysis was repeated discarding the
year 2001. While the described patterns slightly change
their amplitude at some places, their spatial structure
and sign remained unchanged indicating that the inter-
pretation of the results is not solely caused by low storm
activities in 2001.

In order to test to what extent the piecewise linear
trend model fits the data better than the simple linear
trend model applied in the previous section, we com-
puted the Brier skill score. The latter is defined (e.g.,
von Storch and Zwiers 1999) as

B � 1 � �F
2 �R

�2, �4�

where �2
F and �2

R represent the error variances of the
“forecast” F (in our case the one provided by the piece-
wise linear trend model) and the reference forecast R
(provided by the simple time-independent linear trend
model applied in the previous section). The error vari-
ances are computed relative to the same predictand
which are the gridded total storm counts derived from
the 44-yr SN-REMO simulation.

In our case, the Brier score provides a measure of the
skill of the piecewise linear model relative to the simple
linear time-independent model. Any positive value of B
indicates that the piecewise linear trend model fits the
data better than the time-independent linear trend
model. Negative values would indicate a better perfor-
mance of the reference. However, in our case, the Brier
score cannot be smaller than zero. If the time-indepen-
dent trend model would fit the data perfectly, the piece-
wise linear trend model would degenerate to a1 � a2

and b1 � b2, resulting in a Brier score of B � 0 as the
smallest possible value. In our case the Brier score can
be interpreted the following way: It may reach values
between zero and one, measuring the improvement in
fitting the data obtained from the piecewise linear trend
model in percent relative to the time-independent lin-
ear trend model. The more the Brier score is different
from zero, the larger the improvement obtained from
the piecewise linear model, and the more inappropriate
it is to assess changes in storminess from linear trends
fitted over the 1958–2001 period.

The Brier score of the piecewise linear trend model
relative to time-independent linear trends is shown in
Fig. 6d for the total number of storms. It can be deter-
mined that the fit to the data is improved by about
10%–20% on the exit of the North Atlantic storm track
and for large parts of the northeast Atlantic. This indi-
cates that the total number of storms has indeed de-
creased in our simulation since about 1990–95. Over
parts of the southern North Sea and the Baltic Sea, the
Brier score reaches values of more than 50% indicating
that for these areas, changes in trends have occurred in
the 1958–2001 period. For moderate storms, the pattern
is rather similar. For severe storms, our analysis indi-
cates that on the exit of the North Atlantic storm track

the number of severe storms has decreased since about
1990–95 while for other areas there were too few severe
storm events to allow for a statistical analysis of the
data.

3) LARGE-SCALE PATTERNS AND RELATION WITH
THE SEA LEVEL PRESSURE FIELD

So far we have provided local analyses at each grid
point. These analyses suggest that trends in storminess
have changed their amplitude and/or sign during the
1958–2001 period. They further suggest, that these
changes are not confined to smaller regions but obey
some large-scale structure. In order to confirm this, we
performed an empirical orthogonal function (EOF)
analysis (e.g., von Storch and Zwiers 1999) of the total
number of winter (DJF) storms (Fig. 7). The first EOF
that explains roughly 45% of the total variance has a
monopole structure with the highest amplitudes occur-
ring near the exit of the North Atlantic storm track and
off the Norwegian coast. This pattern closely resembles
the average number of storms per year (Fig. 4). The
principal component of the first EOF shows a behavior
very similar to that obtained from the piecewise linear
trend model. The storm activity was rather low at the
beginning of the simulation period. Superimposed on
strong fluctuations on a time scale of a few years, it
increased from about 1975, reaching maximum values
in the late 1980s and early 1990s from which it de-
creased again. At the end of the simulation period the
storm activity is again at rather low levels. The principal
components of higher EOFs do not show clear trends
over the simulation period but pronounced interannual
variability can be inferred (not shown).

In order to investigate how the variability in storm
events relates to the dominant modes of large-scale
atmospheric variability, we performed a canonical cor-
relation analysis (CCA; e.g., von Storch and Zwiers
1999) between the total number of winter (DJF) storms
and the mean SLP obtained from the SN-REMO simu-
lation. The analysis is based on three EOFs for SLP
and two EOFs for the storm counts. The first pair of
canonical correlation patterns is shown in Fig. 8. For
SLP, the pattern is characterized by a dipole structure
with low pressure anomalies north of Iceland and
high pressure anomalies over southwestern Europe,
which closely resemble the North Atlantic Oscillation.
In relation to this pattern, the number of storms is en-
hanced north of about 50°N with maximum values off
the Norwegian coast near the exit of the North Atlantic
storm track. The related time series share strong simi-
larities with the first principal component for the total
number of winter storms indicating a maximum in
storm activity at the beginning of the 1990s with smaller
values at the beginning and end of our simulation pe-
riod.

Based on our results we conclude that the long-term
variability in the number of extratropical storms in the
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1958–2001 SN-REMO simulation, in particular the in-
crease since about 1975 and the subsequent decrease
since the beginning of the 1990s, appears to be a large-
scale phenomenon that is partly related to long-term
fluctuations of the dominant modes of large-scale at-
mospheric variability.

5. Summary and discussion

Trends in severe weather are notoriously difficult to
detect because of the relatively rare occurrence and the
large spatial and temporal variability of these events
(Houghton et al. 2001). Extreme events occur mostly

FIG. 7. (top) First EOF of the total number of winter storms per year and (bottom) the
corresponding principal component.
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on the regional scale and have comparatively short life-
times. The analysis of severe storm events requires long
and homogeneous time series covering large areas at
high spatial and temporal resolution. So far, this com-
bination of data has not been available (Houghton et al.
2001).

In this study we analyzed wind fields obtained from a
high-resolution regional climate model that was run for
the 1958–2001 period. The model was driven by the
NCEP–NCAR reanalysis and is thus expected to pro-
vide relatively homogeneous time series as inhomoge-
neities related to changing analysis techniques are
strongly reduced in the driving reanalysis (Kalnay et al.

1996). In addition, wind fields from this regional simu-
lation are available hourly, providing for the first time
a spatially and temporal high-resolution homogeneous
dataset that may be more suitable for the analysis of
extreme storm events.

From this simulation, wind speed data at 10-m height
above the surface have been used to derive several im-
pact-related indices that describe the frequency and se-
verity of storm events. In particular, the number of to-
tal, moderate, and severe storms as well as upper intra-
annual wind speed percentiles have been computed.
Comparison of these indices with available station data
revealed that the model is capable of reasonably simu-

FIG. 8. (upper left) First pair of canonical correlation patterns for winter mean SLP and
(upper right) the number of winter storms. The explained variances are 58% and 44%,
respectively. (bottom) The related time series for the number of storms (solid) and SLP
(dashed). The correlation is 0.94.
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lating these indices. This conclusion is based on the
comparison with data from marine stations. Compari-
sons for land stations have not been attempted because
the model was run at a resolution of about 50 km � 50
km. Over the oceans, wind fields can be assumed to be
relatively homogeneous over the area represented by
one grid box and a comparison of model values (rep-
resenting the average conditions over a grid cell) with
measurements at an individual location appears to be
justified. However, over land this assumption becomes
more and more invalid as the complexity of the terrain
increases.

Based on the finding that the model-simulated storm
indices compared reasonably well with those obtained
from observations at some marine locations for which
measurements were available, we assumed that the
model is also capable of reasonably simulating such in-
dices for those marine areas for which no direct mea-
surements were available. Based on this assumption we
analyzed changes in storminess that occurred over the
simulated 1958–2001 period. While linear trend analysis
revealed an increase in storm frequency over most of
the model domain north of approximately 45°N that
was found to be significantly different from zero for
most of the area east of about 10°W (Fig. 5), a more
careful inspection revealed that the increase has weak-
ened over the North Sea and has been replaced by a
decrease in storm frequency over the northeast Atlantic
north of about 50°N. Depending on the exact location,
this change occurred between about 1990 and 1995
(Fig. 6). A similar result was found for the frequency of
severe storms. Our EOF and CCA analyses further sug-
gest that this pattern appears to be a large-scale phe-
nomenon partly related to long-term fluctuations of the
dominant modes of large-scale atmospheric variability.
Considering the principal components of the EOFs
only the first one (which accounts for about 45% of the
total variance) shows an increasing trend until about
1990, followed by a subsequent decrease. The principal
components of other EOFs do not show trends signifi-
cantly different from zero.

Our findings are consistent with the results of other
studies focusing on changing storminess for the same
area. Variations on time scales of several decades have
been documented for historical times (i.e., the seven-
teenth century) by De Kraker (1999) who studied re-
ports about maintenance costs of Dutch dikes. For
modern times, the WASA Group (1998) analyzed
changes in the storm climate over the northeast Atlan-
tic based on different datasets. Summarizing the find-
ings from the different datasets, they concluded in 1998
that the storm climate over the northeast North Atlan-
tic has undergone significant variations on time scales
of decades; it has indeed roughened in recent decades
(since about 1960–70) but the present storm climate (in
1995) was comparable to that observed at the beginning
of the century (WASA Group 1998). This conclusion
was to a large extent based on the findings of Alex-

andersson et al. (1998) who analyzed upper intra-
annual geostrophic wind speed percentiles based on
station pressure observations. Recently Alexandersson
et al. (2000) provided an update of their analyses. In-
cluding more recent data, they showed that the storm
activity has indeed decreased over the northeast Atlan-
tic and the North Sea in the past few years.

In 1993, Schmidt and von Storch (1993) performed a
similar analysis for geostrophic wind speed percentiles
for the German Bight since 1876. Considering the en-
tire period they found no significant trend in their data,
although variations on the time scales of decades do
exist and their time series shows pronounced minima
around 1930 and 1970. An update of this analysis that
now covers the period 1879–2000 confirms these find-
ings (Schmidt 2001). The updated time series shows
strong multidecadal fluctuations with maxima around
1920, 1950, and 1990, and also confirms the decrease in
storm activity since about 1990–95 as obtained from our
model simulation. In fact, from his analysis, Schmidt
(2001) concludes that the last 5 yr (1996–2000) of his
time series belong to the years that show the lowest
storm activity of all within the century.

Harnik and Chang (2003) analyzed storm-track
variations as seen in radiosonde observations and
NCEP–NCAR reanalysis data. Although the signal was
weaker in the radiosonde data, they found an intensi-
fication of the Atlantic storm track from the 1960s to
the 1990s in both datasets. Jones et al. (1999) analyzed
a gale index of geostrophic flow and vorticity for the
United Kingdom for the 1881–1997 period. While they
found an increase in severe gale days since about the
1960s, no significant long-term increase was found
when the entire period was considered. Analysis of
proxy data for storminess provides similar results. For
instance, Woodworth and Blackman (2002) studied
changes in extreme high waters at Liverpool for the
1768–1999 period. They concluded that their proxies
pointed in particular to increased storminess during the
late eighteenth and late twentieth centuries. For wave
heights, a number of studies report increases over the
past three decades but no longer-term trends are evi-
dent (Houghton et al. 2001).

To summarize, we conclude that marine surface wind
fields are reasonably well simulated in the analyzed 44-
yr RCM simulation (Feser et al. 2001). This allows for
the assessment of changes in extreme wind conditions
over the oceans for the past few decades. Based on
these data, strong multidecadal fluctuations in stormi-
ness are found. The analysis of the most recent years of
the simulation indicates that the increase in storminess
at the beginning of the simulation period is replaced by
a more moderate increase or even decreases for some
areas within the last few years. This finding is consistent
with more recent analyses of observational data. It is,
however, difficult to speculate whether the decrease in
storminess will continue within the next few years or
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whether a reintensification of extreme storm events
might occur.
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