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Abstract Storm surges in the North Sea are one of the threats for coastal infrastructure
and human safety. Under an anthropogenic climate change, the threat of extreme storm
surges may be enlarged due to changes in the wind climate. Possible future storm surge
climates based on transient simulations (1961-2100) are investigated with a hydrody-
namical model for the North Sea. The climate change scenarios are based on regionalized
meteorological conditions with the regional climate model CCLM which is forced by AR4
climate simulations with the general circulation model ECHAMS/MPIOM under two IPCC
emission scenarios (SRES A1B and B1) and two initial conditions. Possible sea level rise
in the North Sea is not taken into account. The analysis of future wind-induced changes of
the water levels is focused on extreme values. Special emphasis is given to the southeastern
North Sea (German Bight). Comparing the 30-year averages of the annual 99 percentiles of
the wind-induced water levels between the four climate realizations and the respective
control climates, a small tendency toward an increase is inferred for all climate change
realizations toward the end of the twenty-first century. Concerning the German Bight, the
climate change signals are higher for the North Frisian coastal areas than for the East
Frisian ones. This is consistent with an increase in frequency of strong westerly winds.
Considering the whole time series (1961-2100) for selected areas, this tendency is
superimposed with strong decadal fluctuations. It is found that uncertainties are related not
only to the used models and emission scenarios but also to the initial conditions pointing to
the internal natural variability.
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1 Introduction

Anthropogenic climate change, as described in the Intergovermental Panel on Climate
Change (IPCC) Fourth Assesment Report (AR4), may cause long-term changes in the
atmospheric pattern and, thus, in the wind, wave and storm surge conditions of the world
ocean that could have significant impacts on the coasts and human activities. Parts of the
densely populated and highly industrialized coasts of the North Sea, which is the principal
area of interest in the present study, are below or slightly above today’s mean sea level and
are protected by various coastal defenses. These defenses as well as offshore activities and
busy shipping routes in the North Sea itself are highly vulnerable to storms with their high
water levels and associates waves, which are a major threat. Thus, the investigation of
potential changes (trends) in storm surge climate is important to allow precautionary
planning.

Based on scenario experiments of different lengths, climate change impact studies on
future storm surge conditions were performed for chosen parts of the ocean such as the
North Atlantic (e.g. Debernard and Rged 2008) and smaller areas like, e.g., the Adriatic
Sea (e.g. Lionello et al. 2003), the Irish Sea (e.g. Brown et al. 2010), or the North Sea (e.g.
Lowe and Gregory 2005; Woth et al. 2000).

Storm surge climate depends strongly on the meteorological conditions and those differ
significantly when various future development scenarios are considered. Additionally, the
same scenario simulated with difference global/regional circulation models can lead to
considerable differences in the atmospheric and consequently storm surge climate (e.g.
Beniston et al. 2007). Moreover, the same scenario and circulation model can provide quite
a variety of future atmospheric conditions due to internal natural system variability (e.g.
Sterl et al. 2009). These uncertainties were partly addressed in the studies of the past
decade. These studies comprise different analysis time horizons and a wide spectrum of
models and scenarios. Such, Debernard et al. (2002) used 20-year time slices based on one
circulation model and scenario (41 % CO, per year, IPCC IS92a) and concluded that high
percentiles of storm surge will not change significantly. Later, Debernard and Roed (2008)
considered additional scenarios (Special Report on Emission Scenarios (SRES) A1B, A2
and B2) and circulation models and found an increase of about 6-10 % for the high storm
surge percentiles for the south-eastern part of the North Sea. Lowe and Gregory (2005)
used the same scenarios and 30-year time slices but applied different methodology and
analyzed 50-year return periods instead of high percentiles. They came to the conclusion
that according to the considered scenarios, the return values will increase at the end of the
twenty-first century by 0.6-0.7 m in the German Bight.

The studies from Woth (2005) and Woth et al. (2006) were based on 30-year time-slice
simulations with various combinations of 2 global and 4 regional circulation models, and
two scenarios (SRES A2, B2). Despite the scenario-induced and model-related uncer-
tainties, there was agreement among the different realizations that the high percentiles of
storm surge heights increase in the German Bight toward the end of the twenty-first
century. With the increasing computer power and computational resources in the recent
years, the studies turned their attention to the transient runs (2001-2100) and greater
amount of realizations with the aim to investigated rather the system internal natural
variability than the uncertainties due to different scenarios and models. The studies from
Sterl et al. (2009) and Howard et al. (2010) focused on the southwestern North Sea and
storm surge return value as a prognostic variable, according to the coastal protection
requirements. Based on 17-member ensembles for A1B SRES scenario and different cir-
culation models in the two studies, they found no changes in the storm surge return values
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beyond natural variability for the southern North Sea for the second half of the twenty-first
century. Brown et al. (2011) investigate the monthly and seasonal skew surge heights in
transient simulations based on A1B scenarios for the Liverpool Bay and found only few
significant changes.

For the water level simualtons, described in this study, a set of four transient global
climate scenarios over 140 years (1961-2100) within the AR4 simulated with the general
circulation model ECHAMS-MPIOM1 (European Centre Hamburg Version5/ Max Planck
Institute-Ocean Model Versionl (Rockner et al. 2003; Marsland et al. 2003)) and down-
scaled for the European continent and the NorthEast Atlantic with the regional climate
model COSMO-CLM (COnsortium for Small-scale MOdeling model—in CLimate Mode
(Rockel et al. 2008; Hollweg et al. 2008)) was used for the atmospheric boundary
conditions. This set comprises varying assumptions of future atmospheric composition
(concentration of greenhouse gases, aerosols, etc. due to different future emissions) as well
as the effects of unforced internal natural variability. To show a range of possible changes
due to different emissions, the two scenarios A1B and B1 (AR4) (Houghton et al. 2001;
Nakicenovic and Swart 2000) were taken into account for the twenty-first century. While
the scenario A1B focuses on rapid global economic growth with well-balanced energy
sources, the scenario B1 orients toward global environmental sustainability. The reference
climate using observed emissions (1961-2000) for comparison was generated for two
different initial conditions to incorporate the internal natural system variability.

In the present study, this set of four transient climate realizations was applied to
dynamically simulate and analyze potential future changes in the storm surge conditions
together with their temporal development from 2001 to 2100 in the North Sea for the first
time. Special emphasis is given to the southeastern part of the North Sea, in particular the
German Bight. The climate change signals derived from these climate realizations enlarge
the ensemble for the North Sea storm surge scenarios, and thus further describe the range
of scenario-induced uncertainties toward the end of the twenty-first century. Moreover, it
provides an additional insight into the natural internal variability.

A rise in mean water level as well as future changes in today’s topography were not
taken into account in the simulations. The spatial resolution of the hydrodynamic model
(12.8 km) is relative coarse for mapping the topographical highly variable near-shore and
Wadden areas of the North Sea, and the simulations are most reliable for the deeper parts
of the North Sea with water depths greater than 10 m. In the deeper parts, an expected sea
level rise can be linearly superimposed on the wind-induced water levels (e.g. Lowe and
Gregory 2005; Sterl et al. 2009; Howard et al. 2010).

2 Methodology
2.1 Models and simulations

To simulate water level and current fields, the hydrodynamical model TRIM-NP (Nested
and Parallelized (Kapitza 2008; Kapitza and Eppel 2000) version of the three-dimensional
finite difference Tidal Residual Intertidal Mudflat (TRIM) model (developed by Casulli
and Cattani 1994)) was used in a 2D mode. The model solves the Reynolds-averaged
Navier-Stokes equations on a regular Arakawa-C grid. For the simulations presented here,
Cartesian coordinates with a spatial resolution of 12.8 km were used without nesting in this
case. Flooding and drying of near-shore points were enabled. The model domain covers the
North Sea and the adjacent parts of the northeastern North Atlantic to the north and west of
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Fig. 1 Model domain of the hydrodynamic model TRIM-NP with the topography (water depth in m)
together with the investigated area of the North Sea. The locations of three selected areas are marked by
rectangles

Great Britain (Fig. 1). On the lateral boundaries, astronomical tides are considered as the
only water-level variations. The boundaries are located sufficiently far away from the area
of interest (southeastern North Sea) to allow the generation of realistic wind-induced
surges and the consideration of the tide—surge interaction in the interior. The tidal signal
was obtained from the fine element solutions (FES) tidal atlases (Lyard et al. 2006).

As atmospheric forcing, the hydrodynamic model requires 10 m height wind and mean
sea level pressure (SLP) fields. For that, the hourly wind and 3-hourly SLP fields from the
COSMO-CLM regionalizations (18 km x 18 km resolution) of the global ECHAMS-
MPIOM simulations (1.8° x 1.8° horizontal resolution) for the two control climates C20_1
and C20_2 (1961-2000) and for the four future climate scenarios A1B_1, A1B_2, B1_1
and B1_2 (2001-2100) were used. The underscores 1 and 2 are related to the different
initial conditions for the global simulations.

The hydrodynamic simulations were initialized at January 1, 1960, with the water level
from the FES dataset. This initial state is sufficiently far in the past to be forgotten by the
model in the time period of interest. Today’s or reference conditions are represented by
“control simulations” (1961-2000). Possible future conditions in case of global warming
are represented by “climate realizations” (2001-2100). In the following, the different
water level simulations with the hydrodynamical model and their results will be referred to
as indicated in Fig. 2. For each of the six simulations, hourly values for the water level
were stored at every grid point. The results were used to calculate extreme storm surge
statistics.
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Fig. 2 Layout and timeline of the forcing: combinations of control (C20) and emission scenarios (A1B and
B1) and initial conditions 1 and 2 used as driving data for the hydrodynamic model. The six output data sets
of the TRIM-NP simulations are named with respect to the six driving data sets

To extract the storm surge component of the water level, an additional “tide-only”
140-year simulation (1961-2100) was performed using only the tidal signal at the open
model boundaries as a driving force. The storm surge heights were subsequently derived by
subtracting the “tide-only” simulation water levels from the “complete” control and
scenario simulation water levels.

2.2 Statistical analysis

In the following, the discussion is concentrated on storm surge height and number and
intensity of extreme events. Wind speed and direction representing the primary variables
that determine storm surge behavior are included in the analysis. Future changes in storm
surge conditions are analyzed spatially for time slices. The temporal variability is inves-
tigated for chosen areas, two of them located in the German Bight (Fig. 1). Since severe
surge conditions have the largest implications for many sectors, such as coastal protection,
offshore constructions or shipping, the analysis is limited to extreme conditions.

Annual upper percentiles Py;' of wind speed and storm surge height were calculated for
every grid point x in the data set and for each year n from 1961 to 2100. i = 1,2 denotes the
two different initial conditions and s = A, B, C gives the different scenarios (A,B: emis-
sion scenarios A1B and B1, C: control “scenario” C20). Changes in the upper percentiles
are considered to be a relatively robust measure for changes in the statistics of extreme
events. These percentiles were averaged over 30-year time slices for e.g. 1961-1990 and
2071-2100: Py

The climate change signal Aj; is defined as the difference between the value Pj; in the
climate change simulation (s = A, B) and the value from the corresponding control sim-
ulation Pg;:

Aﬁi:Pf:i_PZ‘i (1)

The 30-year reference period Pg; is given as average of the annual percentiles P¢; over
the years 1961 to 1990, if not stated otherwise.

For a further, more detailed analysis of the climate signals in wind and storm surge
conditions, 140-year long area-averaged time series were extracted for selected areas
(Fig. 1). The results for these chosen areas with an extent of approximately 650 km?
(4 grid cells) each will be presented.

For the area-averaged time series of storm surge height and wind speed, annual upper
percentiles P¢;' for each of the simulations have been calculated. The 30-year averages over
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1961-1990 of the two control simulations (P¢;, a = area 1, 2 or 3 and i = 1,2) were used as
thresholds for exceedance frequencies. The frequency, Ny, of extreme surges represents
the number of exceedances over the threshold values P¢; in hours per year n.

Each realization of the climate change signals remains equally likely. To get possibly
more reliable results for the changes in wind speed and storm surge height, also the mean
of the four climate projections has been calculated, mentioned as ensemble mean in the
following.

Linear trends from 1961 to 2100 for annual 99 percentile and maximum surges for the
areas L2 and L3 have been investigated for the four realisations and the ensembe mean.
Additionally, 50-year return values of the annual maximum water levels and surge heights
have been calculated for the two reference simulations (1961-2000) and for the four
projections (2001-2100) as well as for the mean of the reference simulations and the mean
of the projections for the same areas. For this, generalized extreme value (GEV) distri-
butions have been fitted to the time series.

In addition, changes in the wind directions have been analyzed for strong winds (wind
speed >17.2 m/s (8 beaufort)). The wind directions were divided into 30° segments from
15°-45° to 345°-15° (where 0°/360° corresponds to the north) and the frequency with
which storms were coming from a particular sector has been counted. Changes in the
frequency distributions between reference and scenario simulations display whether and
how the dominant event wind directions could change in a specific area. Such changes
could have different impact on the different coastal regions of the North Sea.

All shown changes and confidence intervals are tested for a statistical significance level
of 95 % with either the Student’s ¢ test or with a bootstrapping method. Note that the
Student’s ¢ test is appropriate for normal distributed variables; percentiles as mainly dis-
cussed here are generally not normally distributed. However, the Student’s ¢ test is a
commonly used method and is used for comparability to other studies, and after the central
limit theorem, the mean of several non-normal distributed variables converts to a normal
distribution. Hence, a Student’s ¢ test is also used for testing the significance of the
difference between two 30-year means of the annual 99 percentiles. Beside using the
Student’s  test, a bootstrapping approach was used to derive the confidence interval as this
technique is independent from the parameter distribution.

3 Results

In this section, common features and differences in the climate change signals from the
aforementioned simulations will be discussed. The presentation of the climate change
signals will be limited to the area of interest, the North Sea. Changes in the parts of the
North Atlantic which were included in the simulations to incorporate external surges
during storms will not be discussed. First, results for 30-year long time slices (2071-2100)
will be presented, and then, those for 140-year long time series at chosen locations will be
described. The focus is on extreme conditions given by high percentiles (99 and above) and
the 50-year return value.

3.1 Control versus historical climate
As long-term water-level observations from the tide gauges are only available for locations

very near to the North Sea coasts, a hindcast simulation with high spatial resolution
(Weisse and Pluess 2006) was used to test how close the water-level statistics from the
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Fig. 3 Mean annual percentiles of water levels in meters at L1 (left) and L3 (right) over 1961-2000 from
the hindcast and 2 control simulations (C20). Additionally, the numbers show the variance in meters over
40 years of the 99.9 percentile for each of the three simulations

control simulations are to real present-day climate. Figure 3 shows the comparison of the
mean annual percentiles (1961-2000) obtained from the hindcast and the two control
simulations for two locations in the German Bight (L3) and far off-shore in the North Sea
(L1). These locations represent quite good the situation in the larger areas around. It can be
seen that the percentiles from both control simulations are very close to each other when
the entire period is considered, although they differ on the interannual scale, as it will be
discussed later (Sect. 3.3). It also can be inferred that the control simulation statistics are
generally in good agreement with the hindcast for both locations. There is a tendency of a
slight underestimation of low water and overestimation of high water extremes by the
control simulations. But, as has been mentioned by Weisse and Pluess (2006), the hindcast
itself overestimates the low water extremes when compared to measurements, so the
control simulations do not go farther from the real climate statistics than the hindcast. Also,
the interannual variability of water-level percentiles is close for the three presented
datasets. For example, the variance of the annual mean 99.9 percentiles for both control
simulations lies within 0.5 cm around the hindcast variance for the area with low tidal
range and within 1.5 cm for the high tidal range regions (Fig. 3). This analysis demon-
strates that the two control climates used as references for future climate change impacts is
in agreement with the results from the hindcast simulation and thus has a resemblance with
the real climate.

3.2 Spatial distributions of the climate change signals

3.2.1 Wind speed and direction

As the surface wind is the main forcing factor for storm surges in the North Sea and
changes in extreme wind conditions can help to explain changes in the extreme storm surge

level, the 99 percentile of the annual 10 m height wind speed was analyzed. The 99
percentile is a good measure of storminess, because this percentile reaches about 18 m/s
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near the North Sea coasts. This is just above eight beaufort (17.2 m/s) which is a storm
benchmark.

Figure 4 shows the differences between the four climate projections for the 30-year time
slice 2071-2100 and the corresponding control climate for 1961-1990 for the mean annual
99 percentile. A1B_1 (upper left panel) shows higher wind speed over the whole North
Sea. Statistically significant (95 % level) changes ranging up to +0.7 m/s in the southern
parts with changes up to +0.5 m/s in the German Bight. Differences in the northern North
Sea are smaller (40.2 m/s), statistically not significant and vanish toward the north. Similar
changes are found for B1_1 (upper right panel) with statistically significant values up to
40.4 m/s in the southern parts of the North Sea and the German Bight. A decrease in future
wind speed (0.2 m/s) is found for small areas along the British coast and toward the north.

For the realizations with initial condition 2, changes for the end of the century are
generally smaller and less statistically significant compared to those based on initial
condition 1. In A1B_2 (lower left panel), maximum statistically significant changes in
wind speed (+0.4 m/s) occur in southern parts of the North Sea and are only up to +0.2 m/s
in the German Bight. Compared to A1B_1, larger areas in the northern North Sea show
negative deviations with —0.5 m/s near the Norwegian coast in A1B_2. B1_2 shows
similar, but almost no statistically significant changes in the north (-0.6 m/s) and the
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Fig. 4 Climate change signals Ay; for 30-year averages of annual 99 percentile wind speed in meters per
second for AIB_1 (upper left), B1_1 (upper right), A1B_2 (lower left) and B1_2 (lower right). Shaded
areas show significant differences on a 95% level based on a Student’s  test
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Fig. 5 Frequency distribution of wind directions for wind speeds greater that 17.2 m/s for 30-year slices of
6 realizations (C20: 1961-1990; A1B, B1: 2071-2100). 90°, 180°,270° and 0°/360° correspond to E(ast),
S(outh), W(est) and N(orth), respectively. For locations see Fig. 1

Skagerrak (40.4 m/s) but for most parts of the North Sea changes in wind speed are
between —0.1 and +0.1 m/s.

Generally, all four realizations show an increase in the mean annual 99 percentile of the
wind speed for most parts of the North Sea. On a 95 %-level, these changes are only
statistically significant (based on a Student’s ¢ test) above roughly 0.4 m/s. Maximum
changes can be found in almost all projections (except B1_2) in the southern North Sea
including the German Bight. All projections show a decrease (not statistically significant)
in the mean annual 99 percentile in the northern and northeastern North Sea.

To get a more general view of the four climate change realizations, Fig. 7 (left panel)
shows the difference of the ensemble mean for the annual 99 percentile between the
30-year period 2071-2100 and the control period 1961-1990. These differences show an
increase over sea of wind speeds of up to 0.3 m/s in the southern North Sea and the German
Bight. Note that due to the larger sample size of the ensemble mean compared to the single
realizations, already changes larger than 0.2 m/s are statistically significant on a 95 %-
level.

For changes in surge levels in coastal areas, not only the wind speed itself is important,
but also the frequency of strong winds and the wind direction. Generally, it has been found
that the frequency of strong winds somewhat increases for the end of the twenty-first
century (not directly shown here, but it can be derived from Fig. 8 which shows in the
upper panels that the strong westerly winds increase more than the strong easterly winds
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Fig. 6 Climate change signals A for 30-year averages of annual 99 percentile storm surge height in meters
for A1B_1 (upper left), B1_1 (upper right), A1B_2 (lower left) and B1_2 (lower right). Shaded areas show
significant differences on a 95% level based on a Student’s ¢ test

decrease). Changes in the wind direction for the end of the century are shown in Fig. 5. In
particular, the frequency distributions for wind speeds stronger than 17.2 m/s are compared
for the time slices 1961-1990 and 2071-2100. Both presented locations (L1 and L3)
display a general increase in frequency of strong south-westerly to north-westerly winds
and a small decrease of northerly and/or easterly winds. This tendency is evident for all
four climate realizations with slight variations for the particular sectors.

3.2.2 Storm surge heights

The climate change signals for storm surge heights are presented in Fig. 6. The results for
the four climate realizations are shown as differences between mean annual 99-percentiles
for the future (2071-2100) and the reference (1961-1990) climate.

For all scenarios, the maximum increase in storm surge height occurs in the south-
eastern North Sea. There is a gradual increase in the storm surge heights toward the Elbe
estuary at the end of the twenty-first century. This corresponds to the general pattern of the
storm surge height distribution for the North Sea, which has its maximum in the German
Bight (not shown). The major and only statistically significant (95 %-level) differences (up
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Fig. 7 Climate change signals for 30-year averages of annual 99 percentile wind speed (leff) in meters per
second and storm surge height (right) in meters for the ensemble mean. Shaded areas show significant
differences on a 95% level based on a Student’s ¢ test

to 13 cm) are found for the A1B_1 scenario, which is about 10 % increase compared to the
control simulation values. For other scenarios, the changes reach up to 10 cm (approx. 8 %
of the reference values). This is in agreement with the wind speed statistics (Fig. 4), which
also show maximum changes for the A1B_1 scenario. Furthermore, it can be seen that the
storm surge increase is more pronounced for the eastern German Bight (North Frisian
Islands) and the Danish coasts than for the southern German Bight (East Frisian Islands)
and the Netherlands coasts. This can be attributed to the prevailing westerly winds during
storms and their increased frequency in the future climate realizations (Fig. 5), which
cause increased wind set-up and thus more increased water levels in the east rather that in
the south.

The patterns of the storm surge height deviations for the central and eastern North Sea
vary between the four climate projections. In general, the changes are small, within
+/-3 cm for the major parts of the North Sea, with the exception of the B1_2 scenario,
where the changes are everywhere positive and reach 4-6 cm. Slightly negative changes
are found in the northern part of the North Sea and along the southeastern British coast for
the scenarios A1B_1 and B1_1. The differences of the ensemble mean are presented in
Fig. 7 (right panel) and show a larger statistically significant area in the German Bight, but
changes only range between 4 to 8 cm (approx. 5 % of the reference values).

3.3 Temporal variations of the climate change signals

The annual 99 percentiles of 140-year long time series (1961-2100) of wind speed and
storm surge height at selected locations have been averaged for 111-year long series of
30-year time slices (running average from 1961-1990 to 2071-2100). Figure 8 displays
climate change signals as deviations compared to 1961-1990 ensemble mean for each of
the four realizations, as well as for the ensemble mean with the corresponding 95 %
confidence interval defined with a bootstrapping method. These time series confirm the
results based on the time slices for 2071-2100 to 1961-1990, shown before (see Figs. 4, 6,
7). These signals show a small increase toward 2071-2100, which vary spatially and
among the four climate realizations. For the two locations in the German Bight (L2 and
L3), the increase is strongest in the A1B_1 realization. Temporal variations of surge
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Fig. 8 Time series of climate change signals Af' for 30-year running averages of annual frequencies of
strong westerly (165°—345°, full lines) and easterly (345°—165°, dashed lines) winds (>17.2 m/s) (top).
Time series of climate change signals Aj;' for 30-year running averages of annual 99 percentile wind speed
(middle) in meters per second and storm surge height (bottom) in meters for the four climate realizations at
three selected areas. The respective ensemble mean time series are displayed by the thick black curve. Wind
speed and surge height are plotted relative to the corresponding ensemble mean of the 30 year period
1961-1990. Shaded grey areas correspond to the 95 % confidence interval for the ensemble mean based on
bootstrapping

heights cannot be directly related to the changes in local wind speed and/or direction
(Fig. 8), as the combination of both is important. Furthermore, the history of the meteo-
rological conditions has to be considered. However, there is a tendency that variations in
the signals for the surge height are partly related to respective changes in the frequency of
strong westerly winds.

Furthermore, the time series point out that there are fluctuations in between the time
slices 1961-1990 and 2071-2100. They are in the same order of magnitude as or even
stronger than the increase in 2071-2100 and represent the internal variability of the system.
For example, the difference of the climate change signals between 2024-2054 and
2053-2083 periods at L3 is about 11 cm for the B1_2 realization, whereas the increase
between 1961-1990 and 2071-2100 is only about 7 cm. Moreover, the time series show
that the strongest increase of the signals must not necessarily occur toward the end of the
twenty-first century: for location L3 and realization B1_2, the highest signal occurs, e.g.,
for the time slice 2053-2083. For location L1 in the central North Sea, changes are
somewhat smaller, and the largest increases occur in the scenarios A1B_2 and B1_2 in the
first half of this century.

The time series are given for the 99 percentiles, and it has to be mentioned that the
patterns for other high percentiles (e.g., 99.5 or 99.9) look slightly different both in terms
of internal variability as well as between the four climate realizations. For example, the 99
percentile for A1B_1 and A1B_2 show comparable inter-annual variations for L2 and L3,
whereas the temporal variations for the 99.5 or 99.9 percentiles are different for these two
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Table 1 Trends over the 140-year period 1961-2100 for the annual 99 percentile and the annual maximum
surge height for the four climate projections and the ensemble mean for locations L2 (top) and L3 (bottom)
together with the 95 % confidence interval (CI) and the significance (*) based on the ¢ test

Climate Annual 99 percentile surge height Annual maximum surge height

projection
Trend 95 % CI Trend TT  Trend 95 % CI Trend TT
(cm/100a) (cm/100a) (%/100a) (cm/100a) (cm/100a) (%/100a)

L2

AlB_1 5 +6 52 10 +15 5.5

BI_1 3 +6 32 8 +15 44

AlB_2 3 +6 2.6 0 +14 —0.1

B1_2 5 +5 43 0 +16 0.06

Mean 4 +4 3.8 * 2 +1 2.4 *

L3

AlB_1 10 +6 8.2 * 14 +15 7.1

Bl_1 6 +6 4.6 10 +16 4.9

AlB_2 5 +6 45 7 +15 33

B1_2 6 +6 4.7 4 +16 1.8

Mean 7 +3 55 * 9 +8 4.2 *

realizations (not shown here). The spatial distribution of the 99 percentile signals shown in
Fig. 6 can also differ from those for the distributions of the, e.g., 99.5 or 99.9 percentile
signals. It also has to be pointed out that the climate change signals of the storm surge
height deviations can be different when compared with another control period (e.g.
1971-2000) or when other averaging intervals are used. However, the general pattern, i.e.
smaller changes for the central North Sea and increased changes in the southeastern North
Sea (German Bight) as well as decadal variations, persists.

In Table 1, linear trends in annual 99 percentile and maximum surge heights are listed
for the four realizations as well as for the ensemble mean for the locations L2 and L3. The
trends are small compared to the decadal variations and range between 3 to 10 cm/100a
and between 0 and 14 cm/100a for the annual 99 percentile and the annual maximum surge
heights, respectively. The largest trends with 10 and 14 cm/100a (8 and 7 %) are found for
the A1B_1 scenario. These trends are statistically significant only for the ensemble mean
and for the A1B_1 annual 99 percentile at L3.

The shown future increase in higher percentiles of the storm surge heights is more
related to an increased frequency of high surge heights and less related to an increase in
absolute water levels with respect to the present-day conditions (reference climate).
Figure 9 shows exemplarily for the location L3 time series of the annual exceedance
frequency over three threshold values: the 99.9, 99.99 percentiles and the maximum of the
reference simulations for 1961-1990. Toward 2100, the future climate realizations, except
B1_2, show a general increase in the exceedance frequency, but the maximum surge
occurring in the respective reference simulation is only seldom surpassed: in three years in
A1B_1 (in total 7 h out of 876576 h), in four years in B1_1 (16 h) and A1B_2 (20 h) and in
eight years in B1_2 (42 h) within the time span 2001 to 2100. Scenario B1_2 shows
a somewhat deviant behavior: the exceedances are highest in the 2010s to 2020s.

To describe severe changes between the future and the reference climates, 50-year
return values for storm surge height have been estimated for the locations L2 and L3
(Fig. 10). Additionally, this figure displays respective return values for the absolute water
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Fig. 9 Time series of the annual exceedance frequency of the storm surge height over 3 thresholds (99.9,
99.99 percentiles and maximum of the respective control period 1961-1990) for the four climate realizations
exemplarily for L3
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Fig. 10 50-year return values for water level (WL, upper panels) and surge height (SH, lower panels) for
the control periods (C20_1 and C20_2) and the four future szenarios (A1B_1,B1_1,A1B_2,B1_2) as well as
for the control mean (C20_m) and the scenario mean (SCN_m) for the locations L2 and L3. The 95 %
confidence interval for each return value, based on a bootstrapping approach, is shown by the black bars

level which are more relevant with respect to e.g. coastal protection. The increase in the
climate projections for both, water level and surge height, is in the order of 0.1 to 0.4 m
except for B1_2. The increase of about 0.7 to 0.8 m for storm surge height in B1_2 is the
only statistically significant increase within the four projections. In B1_2, the exceedance
frequency for the threshold values based on the 99.9 and 99.99 percentiles is relatively
small, but those for the maximum control surge is comparably high (see ig. 9). Also, the
increase in the ensemble mean of 0.3 to 0.4 m for surge height is significant. Changes in
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water level are somewhat smaller than those in surge height. This may be due to the fact
that maximum surge is often not in coincidence with tidal high water. The locations L2 and
L3 in the German Bight are about 20-50 km seawards of the coasts. Nearer to the coasts
the described changes may be higher.

4 Discussion and Conclusion

The four climate realizations of future storm surge height show differences in both the
amplitude and the spatial patterns for the climate change signals of the 30-year long time
slices for 2071 to 2100. Nevertheless, all realizations show that larger and statistically
significant changes are mainly limited to the southeastern part of the North Sea. There is an
increase in storm surge height toward the coasts of the German Bight which is larger for
the eastern coast (North Frisian Islands), where it reaches in one realization about 10 % of
the reference climate storm surge heights, than for the southern coast (East Frisian Islands),
where it is less than 8 %. The more reliable changes of the ensemble mean show an
increase of about 5 % in the German Bight for the surge height. This is in coincidence with
the increase in frequency of stronger southwesterly and westerly winds (>17.2 m/s) which
enhance the wind-setup toward the east. This shift to more westerly winds is consistent
with results from Pinto et al. (2007), who found in the underlying future global climate
simulations, an increase of the North Atlantic storm track activity and a shift to a more
zonal mean flow.

In general, these climate change signals toward the end of the twenty-first century
(2071-2100) are comparable to those from four realizations with wind and pressure fields
based on model/scenario combinations with the two IPCC scenarios A2 and B2 and two
different global models (Woth 2005; Woth et al. 2006; Weisse et al. 2009). The magnitude
of the signals are not directly comparable to those presented for the A1B and B1 real-
izations in the present study. Nevertheless, the A2 and B2 realizations show also an
increase in the southeastern North Sea and some decrease at some parts off the British
coast and in the northern North Sea. Whereas the signals vary between the eight future
climate realizations in their magnitude and spatial distribution, there is agreement among
the realizations about the sign of the signal for the German Bight: all of them show an
increase in storm surge height toward the coasts for 2071-2100 compared to 1961-1990.

The availability of the transient simulations enables the analysis of time series. This
analysis for chosen areas within the North Sea displays that the climate change signals for
the four climate realizations for A1B and B1 vary not only spatially and between the
realizations but also in time. Whereas the time series for the areas in the southeastern North
Sea show a general increase in storm surge height toward 2100 in all four projections, they
also reveal that the largest signals (strongest increase) must not necessarily occur at the end
of the century, but can locally occur in between the time period 2001-2100 in some of the
climate projections. Also, local negative changes have been detected throughout the twenty-
first century (e.g., for L2, the differences vary between —3 and +8 % of the reference storm
surge magnitudes; for L3, they vary between —2 and +10 %). Thus, there is no continuous
increase or decrease in the storm surge heights toward the year 2100. The decadal variations
within a single realization as well as between the four realizations are in the same order of
magnitude as the climate change signals for the end of the century (2071-2100). Temporal
variations of the 99 percentile surge height are comparable to those of the NAO index
derived by Pinto et al. (2007) with the same global simulation. Hence, the changes in the
surge climate are partly related to the large atmospheric conditions.
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The changes in storm surge height are mainly due to respective changes in the fre-
quency of higher surge heights (e.g. >99 and 99.9 percentiles). In the four future pro-
jections, exceedances of surge heights over the maximum surge height of the respective
control period (1961-1990) are rare. The 50-year return values for the annual maximum
ensemble mean surge heights show that changes could be in the order of +0.4 m during
single events. In the scenario B1_2 in which the maximum surge heights of the reference
period are more often exceeded, the 50-year return values range up to about 0.7 m for L2
and up to about 0.8 m for L3. The return values are generally in the same order of
magnitude as given in Lowe and Gregory (2005). The selected locations (L2, L3) are more
than 20 km off the coasts; thus, near or at the coasts of the southeastern North Sea, changes
in storm surge height are likely to be higher.

The analysis of the 140-year long climate realizations has displayed that not only
uncertainties due to models and emission scenarios have to be taken into account in climate
impact research but also uncertainties due to initial conditions presenting the natural
internal variability. This is also described in Weidemann (2009) and summarized in Weisse
et al. (2011). The study by Weidemann (2009) is based on statistical downscaling of 17
realizations for the scenario A1B only differing by varying initial conditions displays a
wide range of trends (from —0.08 to 0.18 m for the German Bight) over the years
1958-2100. The trends shown in this study for the A1B and B1 projections are well within
the range given by Weidemann (2009).

Summarizing, the uncertainties in climate change impact estimations due to models and
scenarios are enhanced by uncertainties due to initial conditions and to the respective time
spans under consideration. In the scenario/ initial condition combinations investigated in
this study, the scenario-induced differences between the climate change signals are in the
same order of magnitude as those based on different initial conditions. Note that this study
is only based on four realizations, and for a more general statement on possible changes of
the surge climate in the twenty-first century, a larger ensemble (more initial conditions,
different GCMs and RCMs) is needed. Based on this study together with previous studies,
it can be expected that despite the remaining uncertainties toward the end of this century
extreme surge heights are likely to show a small increase toward the coasts of the German
Bight with stronger changes along the North Frisian Islands in case of anthropogenic
climate change. This increase is superimposed by strong decadal variability; and thus, the
largest increase must not necessarily occur at the end of the century. A rise in mean sea
level, not included in the present study, is expected to take place more steadily and may
reach its local maximum at the end of the considered time period. Thus, especially at the
end of the century, it can become at least as important as the meteorologically induced
water-level changes. Human activities in the German Bight and along its coasts may be
confronted with more frequent surge-induced impacts throughout the twenty-first century.
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