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[1] Coastal safety may be influenced by climate change, as changes in extreme surge
levels and wave extremes may increase the vulnerability of dunes and other coastal
defenses. In the North Sea, an area already prone to severe flooding, these high surge levels
and waves are generated by low atmospheric pressure and severe wind speeds during storm
events. As a result of the geometry of the North Sea, not only the maximum wind speed is
relevant, but also wind direction. Climate change could change maximum wind conditions,
with potentially negative effects for coastal safety. Here, we use an ensemble of 12
Coupled Model Intercomparison Project Phase 5 (CMIP5) General Circulation Models
(GCMs) and diagnose the effect of two climate scenarios (rcp4.5 and rcp8.5) on annual
maximum wind speed, wind speeds with lower return frequencies, and the direction of
these annual maximum wind speeds. The 12 selected CMIP5 models do not project
changes in annual maximum wind speed and in wind speeds with lower return frequencies;
however, we do find an indication that the annual extreme wind events are coming more
often from western directions. Our results are in line with the studies based on CMIP3
models and do not confirm the statement based on some reanalysis studies that there is a
climate-change-related upward trend in storminess in the North Sea area.
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1. Introduction

[2] Low-lying coastal areas around the North Sea have
encountered severe flooding throughout history, with
the most recent events in 1953 in the south-west of the
Netherlands, Belgium, and England, and in 1962 in the
German Bight. These floodings were caused by extreme
high storm surge levels in combination with extreme
waves, the 1953 event, for example, had a return period
of approximately 1:1000 year [Sterl et al., 2009]. In the
North Sea, these high surge levels and waves are generated
by low atmospheric pressure and severe wind speeds
during storm events. As a result of the geometry of the
North Sea basin, not only the maximum wind speed is
relevant, but also the associated direction. For the Dutch
coast, winds coming from north-north-west have the largest

fetch and can therefore generate large waves and storm
surges, while for the German Bight, winds from west-
north-west have the largest fetch. A change in wind direc-
tion of the extreme wind will thus affect coastal areas in
the North Sea in a different manner.
[3] The extreme wind speed in the current wind climate in

the north-east Atlantic Ocean has a considerable interdeca-
dal and interannual variability [WASA-Group, 1998].
Studies based on sea level pressure observations show a peak
in intensity in geostrophic wind at the beginning and at the end
of the 20th century, a dip in intensity in the 1960s, without an
upward or downward trend [Alexandersson et al., 1998,
2000; Wang et al., 2011]. Both studies used 95th and 99th

percentiles per year to derive measures of storminess and
the corresponding occurrence frequencies. Alexandersson
et al. [1998, 2000] used observations covering 1881 to
1995 and 1998, respectively,Wang et al. [2011] used obser-
vational data covering 1878–2007 from the International
Surface Pressure Bank. Donat et al. [2011] based their find-
ings on pressure fields from the 20th Century Reanalysis
(20CR) [Compo et al., 2011] running from 1871 to 2008
and suggest an upward trend in storminess, with an increase
in occurrence frequency of strong geostrophic wind. They
suggest a climate-change-related upward trend in stormi-
ness in the North Sea area. (O. Krueger, F. Schenk, F. Feser,
and R. Weisse, Inconsistencies between long-term trends in
storminess derived from the 20CR reanalysis and observa-
tions, J. Climate, in press, doi:10.1175/JCLI-D-12-00309.1)
recently debated whether this upward trend in storminess
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is actually present for the last decade, as they noted winds
based on 20CR to be inconsistent with observations at the
beginning of the 20th century. Moreover, the interdecadal
variability is large which hampers statements that an upward
trend, if present, is the result of anthropogenic climate change
or of the interdecadal variability.
[4] Studies that analyzed extreme wind speed in a future cli-

mate do not show significant changes [Van den Hurk et al.,
2007; Nikulin et al., 2011; Pryor et al., 2012]. These three
studies analyzed annual maximum events and corresponding
return values, based on two to six Coupled Model Intercom-
parison Project Phase 3 (CMIP3) General Circulation Models
(GCMs) They all compare their results with the 1961–1990
historical period. Van den Hurk et al. [2007] analyzed three
SRES scenario, for the period 2081–2100 and the periods
2181–2200, 2281–2300 if data was available. Nikulin et al.
[2011] and Pryor et al. [2012] used SRES A1b for the period
2071–2100, and 2036–2065 and 2070–2099, respectively.
The analysis of wind extremes in the 17-member ESSENCE
ensemble [Sterl et al., 2009], based on SRES A1b, comparing
period 1950–2000with 2050–2100, confirmed that the magni-
tude of the extreme wind speed, with return periods up to 1 in
10,000 year, was not projected to change. However, they did
project a shift in wind directions, with more extreme winds
from western directions.
[5] Analyzing changes in a changing climate implies that

several uncertainties need to be taken into account [Hawkins
and Sutton, 2009]. First, there is the uncertainty in emission
scenarios, which represent the possible development of
greenhouse gas emission. Second, there is uncertainty
between the climate models that are used to analyze the
effect of different climate scenarios. The third uncertainty
is the natural variability of the climate. When this system
variability is large, small trends will be difficult to detect,
especially for events with high return values. The effect of
this natural variability on uncertainty when projecting high
return values can be reduced by using an ensemble of one
model with different initial conditions, as, in a coastal
context, performed with the ESSENCE-ensemble by Sterl
et al. [2009] for storm surge levels and De Winter et al.
[2012] for extreme waves in the North Sea.
[6] In this paper, we examine possible changes in the

magnitude of annual maximum wind extremes and the
corresponding wind directions as a result of climate change.
We analyze the effect of two emission scenarios (rcp4.5 and
rcp8.5) to address the effect of different developments of
greenhouse gases. Rcp4.5 is considered to be a middle
emission scenario, while rcp8.5 represents high-end climate
scenarios [Meinshausen et al., 2011]. We use 12 CMIP5
GCMs to determine if there is consensus, in projecting future
wind characteristics. We focus on the North Sea basin,
because changes in wind conditions could have a large impact
on safety of the generally densely populated North Sea coast,
an area that has already a high exposure to flooding [Parry
et al., 2007]. The difference between the historical run and
the scenarios rcp4.5 and rcp8.5 highlights climate-change-
induced changes in annual extreme wind conditions in the
North Sea. In particular, we clarify if the projections in
CMIP5 of annual maximum wind speed and wind direc-
tion, and the wind speed with return values up to 500 years,
for the North Sea basin have changed with respect to those
in the CMIP3 models.

2. Methods

2.1. Data

[7] Our work is based on daily northward and eastward
surface wind (uas and vas) from 12 CMIP5 GCMs (Table 1).
Daily mean uas and vas were considered to be adequate for
our work. Since, severe storm surge levels and extreme waves
only develop for severe winds blowing substantially longer
than 3 h. For each of these models, we used a historical run

Table 1. CMIP5Models Used in Present Study and Their Resolutiona

Model

No. of Ensembles
Members Longitude Latitude

Historical rcp4.5 rcp8.5 Δl Δ’

CanESM2 5 5 5 2.8125 2.8125
CSIRO-Mk3-6-0 5 1 1 1.875 1.875
EC-Earth 1 1 1 1.125 1.125
GFDL-ESM2G 1 1 1 2.5 2.0
GFDL-ESM2M 1 1 1 2.5 2.0
HadGEM2-CC 3 1 3 1.875 1.25
HadGEM2-ES 1 1 1b 1.875 1.25
IPSL-CM5A-MR 1 1 1 2.5 1.25
MIROC-ESM-CHEM 1 1 1 2.8125 2.8125
MIROC5 4 3 3 1.40625 1.41
MPI-ESM-LR 3 3 3 1.875 1.875
MRI-CGCM3 1 1 1 1.125 1.125

aMore information is available on-line (http://cmip-pcmdi.llnl.gov/
cmip5). Δl and Δ’ are the increments in longitudinal and meridional direc-
tion, respectively, in degrees. The increments in latitudinal direction are
averages as some models use nonconstant (e.g., Gaussian) latitudes.

bData available from 2076 to 2100.
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Figure 1. North Sea boxes.
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(1950–2000) and two future scenarios (2050–2100): rcp4.5
and rcp8.5, where rcp stands for Representative Concentration
Pathway (rcp). Rcp4.5 has a moderate increase in greenhouse
gases, while rcp8.5 represents high-end climate scenarios
[Meinshausen et al., 2011]. The resolution of the GCMs was
roughly between 1� and 3�, see Table 1 for details.
[8] Per model and scenario the annual maximum (anmx)

wind speed U anmx
as

� �
was selected according to: U anmx

as ¼
max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2as þ v2as

p� �
. For each U anmx

as , the corresponding uas
and vas were used to calculate the wind direction.
[9] We chose to use 50 year time slices to be able to deal

with the large interannual variability in wind characteristics.
For some models, an ensemble based on different initial con-
ditions was available; an overview of the number of ensemble
members per model and per scenario is given in Table 1. For
model–scenario combinations with more than one member,
all members together were analyzed as a single data set,
extending the number of years in those model–scenario com-
binations (e.g., for a run with one member, this is 50 years,
for a run with five members, this is 5�50= 250 years). Small
perturbations in the initial conditions ensure that every ensem-
ble member evolves differently; however, the rcp is the same
for the different members. One could argue that the use of
50 year time slices masks nonstationarity in annual extreme
wind characteristics. As a check, we analyzed the differences
for 2050–2070 relative to 2080–2100 for both scenarios,
using the GCMs where multiple ensembles were available

(otherwise, the amount of years is too low to deal with inter-
annual variability). For both scenarios, U anmx

as for the period
2050–2070 did not differ from those in the period 2080–
2100. This implies that there is no indication for nonstatio-
narity and that the use of 50 year time period is justified.

2.2. Annual Maxima and Return Values

[10] The annual maximum conditions were analyzed per
model and scenario. For the North Sea, changes in the mean
U anmx

as were studied for each GCM by calculating the differ-
ence in mean U anmx

as between the future and the historical
period. This allowed us to diagnose consistency of spatial
patterns in U anmx

as changes between the different models.
[11] Subsequently, we performed an Extreme Value (EV)

analysis, based on annual maximum values within two
predefined areas. As the selected GCMs have different grid
resolutions, we decided to aggregate the North Sea into
two boxes: Box 1 (North) 57�N–61�N,2�W–4�E and Box 2
(South) 53�N–57�N,1�E–7�E, see Figure 1. Each box
covered several grid cells, with the precise number of cells
varying per GCM. Accordingly, the boxes served as search
windows: for each year, the maximum U anmx

as was selected,
resulting in a representative maximum value for each box
per year. As wind speed over sea is usually larger than wind
speed over land, searching for the maximum out a box auto-
matically excluded grid cells that were partly within a box,
but also partly above land. This is desirable as our primary
motivation for this work relates to waves and surges.
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Figure 2. The Gumbel PDFs ofU anmx
as for the northern box.

(a) Historical period and ERA-Interim, (b) rcp4.5, and
(c) rcp8.5. Legend in Figure 1a applies to all panels.
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Figure 3. As Figure 2, now for southern box.
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[12] Van den Brink and Können [2008] showed that for
relatively short record lengths of parameter y, EV statistics
can be determined more accurately by fitting a Gumbel
distribution, rather than a Generalized EV (GEV) distribution,
to the annual maxima of y to avoid the large sensitivity of the
GEV to the largest value of y. They further showed that even
better results were obtained by fitting the Gumbel distribution
to yk, where k is based on the Rayleigh distribution of the
whole wind data. With this method, the total wind speed
record is thus assumed to have a particular shape, which is
particularly relevant for the shape of the tail of the distribution
and avoids the sensitivity to a single large value.
[13] For the North Sea, a value of k= 2 is appropriate for

analyzing wind conditions. Following Van den Brink and

Können [2008], we fitted a Gumbel distribution to

U anmx
as

� �2
, obtaining the location (m) and scale parameter

(s), and the 95% confidence intervals of this distribution.
The fit was performed using the “evfit” function from the
Statistical Toolbox in Matlab R2010b. The Probability
Density Function (PDF) of the EV was determined with
“gevpdf” of the Statistical Toolbox, following [Coles, 2001]:

f U anmx
as

� �2
: m; s

� �
¼ 1

s
exp

�
�expð� U anmx

as

� �2 � m
s

Þ
� U anmx

as

� �2 � m
s

�
(1)
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Figure 4. The return values per model for ERA-Interim, blue; the historical period, black; and the two
scenarios, rcp4.5, red; and rcp8.5, green in the northern box. The 95% confidence levels are depicted in
dotted lines of the same color and for the historical run in gray shading.
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[14] The location of the peak of the PDF is determined
by m, while s influences the width of the PDF. The same
parameters were also used to calculate the t-year return
values for U anmx

as :

U anmx
10;rt tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m� slog �log 1� 1

t

	 
� �s
: (2)

[15] The bandwidth of the return values was calculated
using the parameters for the 95% confidence interval, and
equation (2).

2.3. Wind Direction

[16] The changes in the wind direction of U anmx
as were

examined for the center of each box, being 59�N, 1�E, and

55�N, 4�E. Per model and scenario, the wind directions were
analyzed in bins of 22.5�, resulting in 16 wind directions.
Per wind direction, we determined how often, as percentage
of time, the annual maximum wind was coming from that
direction (%wind). This %wind per direction were based on a
limited amount of data (50 to 250 years depending on the
model). To determine the statistical robustness of these %wind

per wind direction, the wind directions per model and scenario
were bootstrapped [Von Storch and Zwiers, 2001] with a
sample size of 1000. For these 1000 solutions, the %wind per
direction was again calculated. This resulted in a series of
%wind per direction, from which we determined the standard
deviation (sd) per model, scenario, and directional bin.
[17] For each model, changes in the wind directions

were determined by subtracting %wind of the historical run
from the two future runs. The sd of the historical run
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Figure 5. As Figure 4, now for southern box.
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was used to provide information about the size of the
statistical uncertainty.

3. Results

3.1. GCMs and ERA-Interim Wind Extremes

[18] We are primarily interested in relative differences
between the historical and future period. Before we examine
the climate-change-induced change in wind characteristics
in the GCMs, we first focus on the performance of the histor-
ical period relative to the current wind climate. To this end,
we compare the results of the historical runs with ERA-
Interim, a climate reanalysis with assimilated observed wind
data [Dee et al., 2011] covering the period 1979–2011. This
period is shorter than the 50 years of our historical run
(1950–2000) and also does not fully overlap. Therefore,
the comparison of the historical runs with ERA-Interim
should be seen as an indication of the performance of the
CMIP5 models. For the comparison with ERA-Interim, we
use the same search windows defined in section 2.2 to select
U anmx

as . For both boxes, we compare the magnitude of U anmx
as

by comparing the fitted Gumbel PDF for the historical run of
the 12 models with that of ERA-Interim, see top panels of
Figures 2 and 3. Furthermore, we compare the return values
of ERA-Interim with the return values we obtain for the his-
torical runs, see Figures 4 and 5. The confidence intervals of
the historical run in these figures are potentially influenced
by the number of ensemble members of the models, as more
members increase the amount of years and reduce the statis-
tical uncertainty. Therefore, more members could result in
narrower uncertainty bands.

[19] The PDF of ERA-Interim confirms the well-known
fact of large interannual variability of U anmx

as [WASA-Group,
1998; Alexandersson et al., 2000; Donat et al., 2011; Wang
et al., 2011]. The PDFs of the historical run also demonstrate
this large interannual variability. Although all model PDFs
are around the PDF of ERA-Interim, some model PDFs do
show a large discrepancy relative to ERA-Interim. For six
of the 12 GCMs, the return values of the historical run
overlap with the 95% confidence interval of ERA-Interim,
while the return values of the historical run of four (one)
models are higher (lower) than the return values of ERA-
Interim, see Figures 4 and 5. For one GCM, the return values
of the northern area overlaps with ERA-Interim, whereas the
return values of the southern area are higher than those of
ERA-Interim. The grid resolution of the GCMs (Table 1)
appears to be unrelated to the performance of the GCMs
relative to ERA-Interim.
[20] We also compare the wind direction in the historical

run with the wind directions in ERA-Interim by calculating
how often, as percentage of time,U anmx

as is coming from each
direction in 22.5� wide bins. Subsequently, we analyze these
percentages for all individual models relative to the
percentages in ERA-Interim. Figure 6 shows for the northern
location thatU anmx

as is coming from all directions with a peak
in annual extreme winds from south-east. The southern
location has most U anmx

as from south-south-west to north-
north-west. In general, the historical runs of the GCMs
project the same dominant directions as ERA-Interim; in
more detail, winds from north-west and north-north-west
are less present in the historical runs of the GCMs than in
ERA-Interim.
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3.2. Changes in Maximum Wind Speed

[21] We diagnose changes in mean U anmx
as by comparing

the historical runs with the two future scenarios. First, we
discuss changes in the total North Sea basin. Second, we
study the PDF and return values of the EV analysis for the
two boxes in Figure 1.
[22] Figure 7 demonstrates that the mean U anmx

as of rcp8.5
and the historical run are not projected to differ much for
the North Sea basin. For all models, the maximum difference
is around 1m/s. Furthermore, no consistent spatial pattern
can be detected in Figure 7. Results based on rcp4.5 are sim-
ilar (not shown), with again the largest difference around
1m/s and the absence of a spatial pattern between models.

[23] Figures 2 and 3 depict the PDFs of the (a) historical run
and the two future runs, (b) rcp4.5 and(c) rcp8.5. The models
differ hugely in PDFs. The differences between the models are
larger than the differences between scenarios for a given
model, compare top and bottom panels in Figures 2 and 3.
To see whether the models project a systematic change in
U anmx

as depending on climate scenario, we analyze the PDFs
for each model. There is, however, no consisted shift in PDFs
between the GCMs (Figures 8 and 9). This is also evident from
Figures 4 and 5 where the confidence intervals of most of the
annual maximum events (return period 101 years) of the future
projections lie within the confidence interval of the historical run.
An exception is the southern location of CSIRO-Mk3-6-0,

Figure 7. The difference in U anmx
as (m/s) between rcp8.5 and the historical run for each model. The

difference is significant according the 95% confidence interval for the shaded areas. The land contour in this
figure are an indication of the actual land contour and are not related to the land–sea mask of the model.
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where theU anmx
as of rcp4.5 is higher than the projections for the

historical run. This might be influenced by the number of
available members, because, for the historical run, five
members were used relative to one member for the two future
runs. The confidence interval of the historical run is therefore
much smaller than those of the future scenarios.
[24] Except for three models, the return values of U anmx

as
for a 1:500 year event do not change significantly, as the
95% confidence levels of the future scenarios overlap with
those of the historical period (Figures 4 and 5). In the
northern box, CanESM2 projects a small (2m/s), but

statistically significant increase in the 1:500 year return
wind speed. In contrast, CSIRO-Mk3-6-0 projects the
1:500 year return level for rcp8.5 to decrease in the
northern area. This, again, might be the result of the differ-
ent number of ensemble members in the historical and the
future runs. For the southern box, MRI-CGCM3 projects a
statistically significant increase of 6m/s. Although some
models project significant changes in the 1:500 year return
value of U anmx

as , the majority of the 12 GCMs project no
significant changes inU anmx

as and the corresponding 1:500 year
return value.
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Figure 8. The Gumbel PDFs of U anmx
as for ERA-Interim, blue; the historical period, black; and the two

scenarios, rcp4.5, red; and rcp8.5, green in the northern box.
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3.3. Changes in Wind Direction

[25] The difference in %wind per direction between the
historical run and the two future runs are given in
Figures 10 and 11 for the northern and southern location,
respectively. The colors represent the different models. A
measure of the statistical uncertainty is provided by
means of the sd of the historical runs (in gray). It is ob-
vious from both figures that the projected changes are
small compared to sd of the historical run. Figure 6
depicts the %wind for the historical run, the changes shown in
Figures 10 and 11 are substantial relative to these historical
%wind. The change in wind direction at both locations shows

a tendency towards less U anmx
as from south-eastern directions

and more U anmx
as from south-western and western directions.

The %wind are based on 50 to 250 values per model–scenario
combination; we estimated sd of these %wind with boot-
strapping. The limited amount of years makes it hard to
statistically establish changes in the U anmx

as direction.
The change from southeasterly to more south-western
and western winds may point to a poleward shift in storm
tracks, because for a given location in the North Sea, a
storm that passes to the north causes predominantly
westerly winds, while a storm that passes to the south
produces mainly southeastern winds. The suggested shift
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Figure 9. As Figure 8, now for southern box.
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Figure 11. As Figure 10, now for southern box.
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in storm tracks is consisted with Bengtsson et al. [2006]
for CMIP3 GCMs and for CMIP5 GCMs by Harvey
et al. [2012] and Chang et al. [2012].

4. Discussion

[26] As mentioned in section 1, there are three types of
uncertainty when analyzing changes in a changing climate
[Hawkins and Sutton, 2009]. Uncertainty exists in the emis-
sion scenarios and the corresponding rcps, in the GCMs and
because of the natural variability within the climate system.
We were able to address the first two uncertainties by analyz-
ing two climate scenarios for 12 CMIP5 GCMs. We analyzed
changes inU anmx

as and the corresponding wind direction.U anmx
as

has large natural variability; this was not reduced for GCMs
where multiple ensembles were available, as indicated by the
95% confidence levels in Figures 4 and 5. The 95% confidence
levels for models with multiple members are relatively small,
although this is also the case for some models with one mem-
ber. For the CMIP5models we used, we do not find changes in
U anmx

as and in the return values of U anmx
as , as the models do not

produce consistent changes. Furthermore, we see an indication
that U anmx

as is coming more often from western directions, in
line with the studies based on CMIP3 models (section 1).
[27] From a coastal safety perspective, the shift toward

more westerly directions for U anmx
as is particularly relevant

for the German Bight, as such a shift creates larger extreme
waves and surge levels [Woth et al., 2006; Weisse and
Günther, 2007;Grabemann and Weisse, 2008]. For the Dutch
coast, however, such a directional change in wind direction
barely affects surge levels [Sterl et al., 2009] and the annual
maximum wave period and height [De Winter et al., 2012].
[28] It should be noted that the models available in CMIP5

have a relatively coarse resolution, roughly between 1� and
3� (Table 1), and are therefore not able to resolve tropical
cyclones [Solomon et al., 2007]. A high-resolution run of
EC-Earth, Haarsma (personal communication) shows that
tropical cyclones might affect the North Sea basin, with
Uas exceeding 12 Bf (>32.6m/s); how these extreme wind
and the possible shift in U anmx

as wind directions, in combina-
tion with accelerated sea level rise, will affect coastal safety,
is a topic for future study.

5. Conclusions

[29] We examined the changes in U anmx
as and corresponding

wind directions as a result of climate change for the North Sea
basin, using 12 GCMs from the CMIP5 ensemble. To this end,
we compared historical runs, running from 1950 to 2000, with
two future climate scenarios, rcp4.5 and rcp8.5, running from
2050 to 2100. Consistent with ERA-Interim results, U anmx

as in
the historical run demonstrates large interannual variability.
For the two regions in the North Sea we studied, U anmx

as is
not projected to change in either rcp4.5 or rcp8.5. In fact, the
differences between the 12 GCMs are larger than the differ-
ence between the historical and two future runs. Furthermore,
the majority of the 12 GCMs shows no statistically significant
change in the magnitude of wind extremes up to 1:500 years,
for both scenarios.
[30] The variation in direction of U anmx

as is large, and this
precludes a firm statement on climate-change-induced
changes in these directions. Nonetheless, most models

indicate a decrease in U anmx
as from south-eastern directions

and an increase from south-western and western directions,
compatible with a poleward shift of the storm track. The
amount of wind from north-west and north-north-west, wind
directions that are responsible for the development of ex-
treme storm surges in the southern part of the North Sea,
are not projected to change. The results of the CMIP5 mod-
els we diagnosed reaffirm results of the CMIP3 models.
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