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Abstract The coastal zones are facing the prospect of
changing storm surge statistics due to anthropogenic
climate change. In the present study, we examine these
prospects for the North Sea based on numerical mod-
elling. The main tool is the barotropic tide-surge model
TRIMGEO (Tidal Residual and Intertidal Mudflat
Model) to derive storm surge climate and extremes from
atmospheric conditions. The analysis is carried out by
using an ensemble of four 30-year atmospheric regional
simulations under present-day and possible future-en-
hanced greenhouse gas conditions. The atmospheric re-
gional simulations were prepared within the EU project
PRUDENCE (Prediction of Regional scenarios and
Uncertainties for Defining EuropeaN Climate change
risks and Effects). The research strategy of PRUDENCE
is to compare simulations of different regional models
driven by the same global control and climate change
simulations. These global conditions, representative for
1961–1990 and 2071–2100 were prepared by the Hadley
Center based on the IPCC A2 SRES scenario. The re-
sults suggest that under future climatic conditions, storm
surge extremes may increase along the North Sea coast
towards the end of this century. Based on a comparison
between the results of the different ensemble members as
well as on the variability estimated from a high-resolu-
tion storm surge reconstruction of the recent decades it
is found that this increase is significantly different from

zero at the 95% confidence level for most of the North
Sea coast. An exception represents the East coast of the
UK which is not affected by this increase of storm surge
extremes.

Keywords Ensemble modelling Æ Dynamical
downscaling Æ Storm surge Æ Extreme events Æ Climate
change Æ North Sea

1 Introduction

In historical times, serious floods have severely im-
pacted coastlines of the North Sea. But also more re-
cent floods in the twentieth century have highlighted
the current potential for high-impact damage, threat-
ening human life as well as property. The mechanism
leading potentially to coastal floods is well understood.
Given the configuration of the coastline and the
bathymetry, the severity of the storm surge depends
primarily on wind speed, wind direction and duration.
The meteorological conditions are affected by the path
and the velocity of the depression systems, moving
across the North Sea. Mainly three different types of
meteorological situations leading to potential high
storm surges at the southern North sea coast, can be
distinguished after Petersen and Rhode (1991): The
Jutland-Type, developed over Newfoundland, traveling
mostly very fast in a easterly direction from England
over the North Sea to Jutland. The Scandinavia-Type is
a slow-moving depression system, which forms over
Greenland and Iceland and travel towards southeast.
The track of the third type, the Skagerrak-Type lies
between the other two types, travelling mostly from
WNW to ESE (Gönnert et al. 2001).

When winds push water towards the coast, it tends to
accumulate into what is commonly referred to as storm
surge. If a particular high surge occurs together with a
tidal maximum, both effects accumulate and serious
flooding can result, depending on the coastal structure
and their protection.
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For the North Sea, many studies dealing with
dynamical modelling of tide-surges exist. Examples are
Dolata et al. (1983), Heaps (1983), Flather et al. (1998),
Kauker (1998), Langenberg et al. (1999), and Kauker
and Langenberg (2000), among others. They have shown
that, provided that the meteorological forcing has suf-
ficient accuracy, storm surges and their statistics can be
satisfactorily modelled with hydrodynamic models,
especially if the focus is on long-term statistics rather
than on single events. Comparing simulations with a 3-
dimensional baroclinic model (Kauker 1998) and a
vertically integrated barotropic model, Kauker and
Langenberg (2000) found that the latter ones are suffi-
cient for a reasonable description of storm-related wa-
ter-level variations along the North Sea coast.

Storm surge models have also been used in recent
years to assess the potential effects of changing green-
house gas concentrations on the North Sea storm surge
climate. In the WASA project (Waves and Storms in the
North Atlantic; WASA-Group 1998, Langenberg et al.
1999; Flather and Smith 1998) the wind and pressure
data originated from two global high-resolution (T106)
5-year simulations, whereas 30-year time slice T106
simulations were used in STOWASUS-2100 project
(Stowasus-Group 2001). These results show that under
enhanced greenhouse gas conditions, an increase by up
to 10% in extreme wind speeds in the North Sea and the
Norwegian Sea may take place and can result in an in-
crease in surges extremes of the same magnitude. Lowe
et al. (2001) were the first, who applied the two-step
procedure of a dynamical downscaling of coarse grid
general circulation model (GCM) data followed by an
integration of a hydrodynamical model. Their results
indicate an increase in surge extremes statistically sig-
nificant along a sizable fraction of the UK coastline
under assumed future climate conditions.

Such numerical model integrations have the advan-
tage to generate information at locations and for periods
(such as under climate change conditions) without
observations. Another advantage of model integrations is
the high temporal sampling rate, every hour or even less,
while observations are often only available for tidal
maxima and minima. To have full access to this advan-
tage, the meteorological forcing data must also be avail-
able with high temporal resolution and not just every 12
or 6 hours, as is common in many RCM simulations.

In the present study we follow and extend the way,
the previous studies have pursued. Based on high-reso-
lution regional wind and pressure conditions, dynami-
cally downscaled from global General Circulation
Model (GCM) output, the present study differs from
these previous approaches by using an ensemble of re-
gional atmospheric conditions. The ensemble is provided
by a series of different RCMs, which are all forced with
the same GCM. The wind and air pressure data are
provided by the partners of the EU PRUDENCE pro-
ject (Prediction of Regional scenarios and Uncertainties
for Defining EuropeaN Climate change risks and Ef-
fects; Christensen et al. 2002), for paired 30-year ‘‘con-

trol’’ (1961–1990) and ‘‘climate change’’ (2071–2100)
simulations. We use these ensemble members to drive a
hydrodynamic tide-surge model at high spatial and
temporal resolution. In contrast to previous work this
allows us to not only assess the response of the storm
surge model to a specific RCM but to systematically
investigate similarities and differences in the storm surge
climate due to the use of different state-of-the-art
RCMs, a major goal of the PRUDENCE project.

Our study considers changes in storm surge extremes
as only strong storm surge events endanger the coastal
structure and the biotic and abiotic environment there.
By definition, extreme values are rare. Two main
methods are mainly used to characterize such extreme
events, namely either the analysis of the largest events in
a long series, or an extrapolation by fitting shorter data
sets to a particular extreme value distribution (e.g.,
Coles 2001). The various RCM forced simulations pro-
vide us with long series of 30 years length, so that we can
avoid the ‘‘extreme value statistics’’ extrapolation—as
long as we are not asking for large return peri-
ods—which is rather sensitive to the choice of the dis-
tribution and the fitting procedure. Instead, we are able
to provide a phenomenological characterization based
on simple characterization of those distributions and
underlying properties by means of high percentiles.

The analysis in this study is dealing only with the
impact of changing regional wind conditions in the
vicinity of the North Sea. In this way, two effects, which
we believe to be minor for the change of surge statistics,
have been neglected. These are the rise in mean sea level
and the effect of so-called external surges.

In the context of future mean sea level heights, the
IPCC expects a rise due to thermal expansion and the
changing volume of glaciers and ice sheets for the end of
this century (Houghton et al. 2001). In the A2 SRES
scenario, which we use in this study, the rise due to
thermal expansion could be about 40 cm, loaded with a
large uncertainty (Houghton et al. 2001). For our study,
the relevant question is if the storm surge heights are
sensitive to changes in mean sea level. This was studied
in detail by Kauker (1998) and Lowe et al. (2001), who
found no significant differences in simulations with and
without elevated mean sea level. The mean sea level rise
essentially adds to the storm surge heights.

External surges are generated under certain weather
conditions in the North Atlantic and propagate into the
North Sea, pushing additional water masses into the
basin. In our set-up, we cannot account for this effect.
Instead, we assume that the intensity and frequency of
external surges is not significantly altered in the scenario
of future conditions. However, this assumption may not
be fully justified: most recent studies indicate a
strengthening North Atlantic storm track projected in
GCMs for the A2 SRES scenario (e.g., Fischer-Bruns
et al. 2005), even though some studies envisage other
developments (e.g., Rauthe et al. 2004). A strengthening
of the storm track would possibly lead to more frequent
external surges in a future climate and, thus, the ne-
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glected effect of external surges would lead to an
underestimation of the change of storm surge extremes.

The present paper is organized as follows: in Sect. 2
the hydro-dynamical model and the atmospheric data
used to drive the tide-surge model are described and the
applied statistical methods are introduced. Results and
discussion follow in Sect. 3, which is divided into two
parts: in Sect. 3.1 the control climates of the present-day
atmospheric forcing (near surface winds and SLP) and
those of the modelled storm surges are analysed and
compared with the climates obtained in hindcasts of
corresponding decades. Changes in the atmospheric
forcing and subsequently in the storm surge distribu-
tions in a perturbed climate described by the A2 SRES
scenario are analysed and discussed in Sect. 3.2. We
conclude in Sect. 4.

2 Methodology and data

2.1 Surge model

The dynamical downscaling of storm surges is carried out
by driving the numerical tide-surge model TRIMGEO
(Tidal Residual and Intertidal Mudflat; Casulli and Ca-
tani 1994), a depth average tide-surge model, using geo-
graphical coordinates. This barotropic version of
TRIMGEO is based on the shallow water equations with
parameterizations for bottom friction and surface stress
(Casulli and Catani 1994; Casulli and Stelling 1998). The
equations are integrated on an Arakawa-C grid using a
robust semi-implicit scheme with a time step of 10 min.

The model domain encloses the north-west European
continental shelf from 4.25�W to 13.42�E and 48.55�N
to 58.75�N with a mesh size of 6¢·10¢ in latitude and
longitude, which corresponds to a grid cell size of about
10·10 km2. Figure 1 shows the TRIMGEO integration
area and the bathymetry. The bathymetry was provided
by the German Federal Maritime and Hydrographic
Agency (BSH) and is similar to the one used in their
operational model.

The model domain has open boundaries in the North,
along a line between Wick (UK) and Karmøy (N), and
through the English Channel in the West; East of the
Danish islands, along a line between the southern tip of
Sweden and Rügen, a German Island, the domain is
artificially closed, which is acceptable since reflecting
waves, coming from that model boundary can hardly
affect the North Sea area. A constant water level and net
influx of 0.01498 m3 s�1 from the Baltic Sea (Ospar
Commission 2000) are prescribed. Following the oper-
ational procedure at BSH constant freshwater influxes
from the 33 largest rivers are specified as climatological
annual means. For imposing the astronomical tides, sea
level anomalies calculated from the amplitudes and
phases of 17 partial tides are prescribed along the open
boundaries. These amplitudes and phases as well as
corrections for each year were adapted also from BSH.
For the northern model boundary, long-term observa-

tions from buoys were used to derive the tidal compo-
nents, for the boundary model grid cells in the English
Channel, published harmonic composites were adopted
(e.g., Chabert d’Hieres and Provost 1978). For compa-
rability, all TRIMGEO model runs are based on the
same astronomical tidal coefficients and corrections.

The model was run with a calendar year consisting of
360 days since all RCM simulations simulate years of
360 days—a feature inherited from the driving glo-
bal—the so-called climate mode. The tides are specified
in continuous order so that dates of tidal minima and
maxima in terms of real world 365-day calendar no
longer fit to the 360-day calendar of the models. This is,
however irrelevant, as the simulated weather stream in
the RCM simulations cannot be tied to specific hours or
days; their timing must be considered random relative to
the timing of the tides.

2.1.1 Model validation

The model is validated by comparing model ‘‘hindcast’’
results of reconstructed water levels with statistics de-
rived from a local tide gauge and by comparing per-
centiles along the 10-m depth line with simulations with
an operational storm surge prediction model.

This ‘‘hindcasts’’ consist of two steps: first a regional
reanalysis of atmospheric conditions was prepared (Fe-
ser et al. 2001) using the REMO model (Jacob 1995)
with spectral nudging (SN-REMO; von Storch et al.
2000). The resulting marine wind and air pressure fields
were found to be homogeneous and of satisfactory
quality (e.g., Weisse and Feser 2003; Sotillo 2003; Weisse
et al. 2005). In a second step, these ‘‘analysed’’ winds
and air-pressure field were fed into the tide surge model.

The principle capability of the tide-surge model
TRIMGEO to reasonably reconstruct observed regional
sea level was recently demonstrated by Aspelien and
Weisse (2005). They have shown that sea level heights
and surge for the southern North Sea shelf for the period
2000–2002 are reasonably reproduced by the present
model setup. Thus here we have limited ourselves to
some additional validation focusing on the statistics of
storm surges as discussed in the present paper. Figure 2
shows time series of the annual winter 99th percentile
surge (DJF) for Cuxhaven derived from the model
hindcast and from the local tide gauge data from 1958 to
2000. The hindcast percentiles fit to the percentiles de-
rived from observations with a correlation coefficient of
0.93 and a root mean square error of 19 cm, which is
mainly caused by 2 years in which the model severely
underestimates the observed 99th percentile, in particu-
lar the very stormy winter 1975/76.

Additionally, we compare the performance of
TRIMGEO in simulating extremes in grid boxes along
the 10-m depth line of the model-bathymetry. This is
motivated by the fact that our analysis of possible future
conditions is focusing on just these gridboxes (see Sect.
2.3). However, observation data do not exist for this
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10-m depth line. Therefore we compare the TRIMGEO
hindcast to a hindcast done with the TELEMAC-2D
model of Bundesanstalt für Wasserbau (BAW). TELE-
MAC-2D is used by BAW for daily operations and is set
up with high-resolution refinements along the coast,
leading to a spatial resolution of down to 80 m. A
TELEMAC-2D hindcast was performed with the same
meteorological forcing as described above (A. Plüss,
personal communication). An additional feature of this
simulation is that it assimilates the actual water-level
data from Aberdeen. This model has been found to
reliably reproduce the observations taken at a number of
different tide gauges. An extensive validation has been

performed by e.g., Hervouet and Van Haren (1996) or
Plüss (2003), with good results.

Figure 3 shows the mean of the annual 99th percen-
tiles (based on 1 hourly data, winter month), derived
from both, the TRIMGEO and from the TELEMAC-
2D hindcast (1961 to 1990) along the same 10-m depth
line. Differences occur along the Eastern coastline of
UK. There, the advantage of assimilating Aberdeen-
observations into TELEMAC-2D becomes obvious.
Along the 10-m line of the continental North Sea coast,
TRIMGEO deviates only by less than 10 cm from

Fig. 2 Inter-annual mean of the 99th percentile of water level/surge
(DJF) for Cuxhaven for the period 1958–2000 (unit: m). Bold line:
modelled hindcast (TRIMGEO); thin line: tide-gauge observations.
Calculations of percentiles are based on 1 hourly data.

Fig. 3 Inter-annual mean of the 99th percentile of water level/surge
(DJF) for the control period 1961–1990 (unit: m). Bold line:
TRIMGEO; thin line: TELEMAC. Calculations of percentiles are
based on 1 hourly data. Depicted are grid cells located along the 10-
m depth line along the North Sea coast (for the numbering of
locations, refer to Fig. 1)

Fig. 1 Model domain of the
tide-surge model TRIMGEO:
the bathymetry (isolines) and
the 196 near coastal grid cells
(crosses) located on the 10 m
bathymetry line along the
North Sea coast beginning with
1 in Scotland and ending with
196 in Denmark
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TELEMAC-2D, likely reflecting the missing effect of the
external surges in TRIMGEO. The overall spatial pat-
terns are matching very well.

We consider the encouraging performance of the
TRIMGEO hindcast as sufficient evidence for allowing
TRIMGEO to be considered an adequate tool for
studying the implications of possible future climate
change on the statistics of storm surges, in particular
along the southern and eastern shores of the North Sea.

2.2 Atmospheric driving data

This study uses near surface winds and sea level pressure
as simulated by four RCMs, namely HIRHAM (High-
Resolution regional model, with ECHAM physics) from
the Danish Meteorological Institute DMI, RCAO
(Rossby Centre regional Atmosphere-Ocean model)
from the Swedish Meteorological and Hydrological
Institute SMHI, the CLM (Climate version of the
‘‘Lokal-Modell’’, derived from the Limited area Model
(LM) of the German Weather Service DWD) of GKSS,
and REMO (Regional Model) of the Max-Planck
Institute of Meteorology. All simulations were prepared
for present-day (1961–1990) greenhouse gas concentra-
tions and for future conditions (2071–2100) based on the
Intergovernmental Panel on Climate Change A2 SRES
emission scenario (Houghton et al. 2001).

HIRHAM, REMO and CLM are stand-alone
atmosphere models, RCAO (Döscher et al. 2002) is a
coupled atmosphere-ocean model, which incorporates
the Rossby Centers regional atmosphere model RCA
(Rummukainen et al. 2001; Jones et al. 2004) and their
ocean model RCO (Meier et al. 2003).

Concerning the model dynamics the models have two
origins. HIRHAM [an updated version of HIRHAM4
(Christensen et al. 1996)] and RCA are both off-springs
from the regional weather forecast model HIRLAM
(High-Resolution Limited Area Model; Machenhauer
1998; Källén 1996). CLM and REMO (Jacob et al.
1995) are climate versions of the weather forecast model
developed and used by the DWD. The parameteriza-
tions of subgrid-scale processes (‘‘physics’’) of HIR-
HAM and REMO are based on the global atmospheric
model ECHAM4, developed by Roeckner et al. (1996).
The parameterizations from RCAO are mainly taken
from HIRLAM. Most of the parameterizations in CLM
are taken from the LM, but some, in particular with
respect to the soil processes, are improved.

All four RCMs are set up for running on a rotated
grid with a mesh size between 0.44 and 0.5�. This mesh
size corresponds to about 50 km2 over the North West
European Shelf Sea. All four regional climate models
were forced in lateral sponge zones with data prepared
by the Hadley Center GCM HadAM3H (high-resolu-
tion global atmosphere model) under recent and future
climate conditions. Sea ice coverage and sea surface
temperature (SST) are the same as used by the Had-
AM3H model in HIRHAM, CLM and REMO. SST

and sea ice coverage for the control run were derived
from observations, which were processed by the Met
Office Hadley Centre into a data set of monthly fields on
a 1-degree latitude-longitude grid (Rayner et al. 2003).
For the future time-slice SSTs from the coupled Had-
CM3 (Hadley Centre’s Third generation Coupled
Ocean-Atmosphere GCM) SRES A2 simulation (2071–
2100) have been used with a statistical correction ob-
tained from the present-day observed SSTs preserving
the observed SST variability. An exception is the RCAO
model, which is coupled with the Baltic Sea model so
that SST and sea ice coverage are computed directly in
interaction of these model modules.

To drive the tide-surge model, 6 hourly, instanta-
neous values of pressure at mean sea level and the hor-
izontal wind components at 10 m height were extracted
from each of the RCM simulations over the tide-surge
model covering domain. These forcing data were inter-
polated linearly to match with the finer space-time grid
of the hydro-dynamical model TRIMGEO.

The usage of 6-hourly is not optimal, but is
unavoidable as the RCM output has been stored only
once every 6 h. In case of the hindcast with TRIMGEO,
hourly SLP and wind analysis prepared by SN-REMO
(Feser et al. 2001) have been used. Hourly data are
undoubtedly much better than 6-hourly data. We found
the magnitude of the 99.5th surge percentile increased by
about 10% when hourly forcing data are used instead of
6 hourly (not shown). We believe, however, that the
effect of a too coarse temporal resolution of the forcing
fields will not significantly bias the estimation of the
change of surge statistics.

2.3 Processing results

The object of investigation is not the total water level at
a certain time and location, but wind and pressure-re-
lated surge residuals, i.e., the deviations of the overall
water level from the tide. Thus an additional ‘‘tidal run’’
was undertaken, using the same model setup, forced
only by water- level variations at the open boundaries
representing the global astronomical tidal dynamics.
Resulting water levels of that ‘‘tidal run’’ were sub-
tracted from the water level obtained in the control and
climate change experiments, forced with the same
astronomical tidal dynamics. Thus, nonlinear interac-
tions of velocities with the tides are described in the
meteorologically forced run. When subtracting the ‘tide-
only’ run, all remaining phenomena are understood as
being related to the forces exerted by wind and air
pressure, including the interaction with the tides.

The state-variables (vertically averaged velocity, wa-
ter level) are stored for all ‘‘wet’’ grid points of the model
domain every 30 min. The first month of each simula-
tion was discarded to account for potential spin-up ef-
fects.

Since most damage is expected in the coastal zone,
storm surge residuals were analysed only along the
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North Sea coastline (Langenberg et al. 1999). To avoid
inconsistencies due to near-shore shallow water effects,
which are not resolved in TRIMGEO, the analyses
based all on a selected line, representing the 10-m depth
line in the model bathymetry. This depth line comprises
196 grid cells ranging from the North of Scotland along
the southern North Sea coast (Belgium, Netherlands and
Germany) to the northeastern top of Denmark near
Skagen (Fig. 1). As most severe storm surges are gen-
erally expected during the winter season, all statistical
analyses in this study were carried out only for
December, January and February (DJF), so that we get
29 seasons for each of the 30-year-long-time slice
experiments, beginning with the first season Dec1961/
Jan1962/Feb1962 and ending with the last season
Dec1989/Jan1990/Feb1990 for the control runs. For the
scenario time-slice the first season is Dec2071/Jan2072/
Feb2072 and the last season is Dec2099/Jan2100/
Feb2100.

In our study the principle statistical approach is a
straightforward description of extreme climate condi-
tions by high and low percentiles of the distribution.

In that way, we consider the 29-year means of intra-
annual percentiles, namely the 99th percentile of wind
speed at 10 m height and the 1st percentile for air pressure
as characteristic quantities. Since a 90-day DJF season
contains 4·90=360 intervals of 6-hour length, the 99th
percentile is the wind speed, which is exceeded in 1% of
360 cases, i.e., 3 times in a season. Similarly, air pressure is
lower than the 1st percentile only during 18 h (3 times).

The comparison of the storm surge residuals in the
different experiments is based on the 99.5th percentile.
In this case, we consider again 90-day winter seasons
(DJF) but with 0.5-hourly data, so that per DJF season
we have 90·48 cases. To have sufficiently rare events, we
use the 99.5th percentile, which is exceeded on 22 half
hours (approximately 12 h) in each DJF season. We

calculate this percentile for each of the 29 seasons and
determine the mean value of these 29 percentiles.

We define an extreme event as a period covering one
or more half hourly intervals with surge levels reaching
or exceeding the 99.5th percentile. The average duration
and the number of such extreme storm surges are also
determined. These temporal characteristics of storm
floods are important parameters in the context of coastal
protection.

3 Results and discussion

3.1 Control simulations versus hindcast

Before we assess changes in water-level statistics and in
the atmospheric forcing induced by increasing green-
house gas concentrations in a HadAM3H/RCM world,
we want to examine the similarity of the control simu-
lations, which are supposed to be representative for the
1961–1990 period, with the 1961–1990 SN-REMO
hindcasts (Feser et al. 2001) in terms of atmospheric
conditions and surge statistics (see Sect. 2.1.1).

3.1.1 Atmospheric forcing

Figure 4 shows the statistics of the extremes in deep sea
level pressure as well as the extreme near surface wind as
obtained in the atmospheric SN-REMO hindcast, de-
scribed as the 29-long-year mean of the 1st percentile
(SLP) and as the 99th percentile (10 m wind speed),
respectively. In the hindcast, a gradient of sea level
pressure from 970 hPa (North–West) to 982 hPa
(South–East) of the North Sea area is found. Wind
speeds between 17 and 20 m/s are produced, increasing
from South to North.

Fig. 4 Inter-annual mean of the 1st percentile sea level pressure (left hand side) and of the 99th percentile 10 m wind speed (right hand side)
derived from REMO_SN, hindcast, 1996–1990. Units: hPa (SLP) and m/s (wind speed). Calculations of percentiles are based on 6 hourly
data (DJF)
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All four RCM control simulations show an overes-
timation of the deepest sea level pressures (Fig. 5). The
largest deviations are found for the HIRHAM and
RCAO runs and vary between about 3.5 and 6 hPa. For
most of the control simulations, differences increase
from West to East. An exception is provided by the
CLM control run where the difference pattern is more
North–South oriented with smallest differences of about
0.5 hPa occurring in the northern and largest differences
of about 4.5 hPa occurring in the southern part of the
model domain.

Corresponding to the overestimation of the lowest
surface pressures, extreme near-surface wind speeds are
underestimated in three of four control simulations
compared to the hindcast (Fig. 6). Again, the CLM
simulation is an exception. Compared to the hindcast,
the 99th percentile is about 0.5 m/s higher in the
southern and the south-western part of the analysed
domain and the differences increase up to about 1.5 m/
s in the north-eastern part. The spatial structure of

difference in high wind speeds is similar for all other
control simulations. While REMO underestimates se-
vere wind speeds slightly by about �0.5 m/s in the
Northern and about �1.5 m/s in the southern North
Sea, HIRHAM and RCAO show larger differences in
the order of about �2.5 m/s over a large fraction of the
North Sea.

3.1.2 Surge residuals

Storm surge residuals derived from the TRIMGEO runs
under control climate conditions and from the hindcast
are compared in terms of their 99.5th percentiles
(Fig. 7), Fig. 8 shows the mean frequencies and the
mean durations of extreme events (i.e., episodes when
this percentile is exceeded).

In the hindcast simulation, lowest storm surge ex-
tremes are generally found along the UK coast (Fig. 7).
We had seen in Sect. 2.1.1, that TIMGEO underesti-
mates surge levels along most of the UK eastern shore

Fig. 5 Biases of the inter-annual mean of the 1st percentile of sea level pressure in the four considered models relative to REMO_SN
hindcast in the control period 1961–1990 (unit: hPa). Upper left: HIRHAM, lower left: CLM, upper right: RCAO and lower right: REMO.
Calculations of percentiles are based on 6 hourly data (DJF)
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because of tide-only constraints along the northern
boundary of the model. Then the 99.5th percentiles in-
crease eastward along the 10-m depth line with highest
values obtained in the German Bight. Afterwards the
height of the most severe surges decreases again. A
similar spatial pattern is found for all storm surge con-
trol simulations. In correspondence with the differences
in extreme wind speeds described above, the absolute
value of the 99.5th percentile is underestimated in sim-
ulations driven with HIRHAM, RCAO and REMO
forcing. Only the CLM wind and pressure fields lead to
extreme storm surges of a magnitude comparable to
those obtained in the hindcast. In particular, hindcast
and CLM forced storm surge residuals reach maxima of
up to 1.4 m in the German Bight while HIRHAM and
RCAO forcing in this local area only lead to extreme
surge heights of about 1 m. Extreme surge heights pro-
duced with REMO forcing are lying in between with
maxima of about 1.2 m.

Fig. 6 Differences in the inter-annual mean of the 99th percentile of 10 m wind speed between the four considered models and the
REMO_SN hindcast in the control period 1961–1990 (unit: m/s). Upper left: HIRHAM, lower left: CLM, upper right: RCAO and lower
right: REMO. Calculations of percentiles are based on 6 hourly data (DJF)

Fig. 7 Inter-annual mean of the 99.5th percentile of water level/
surge (DJF) for the control period 1961–1990 (DJF) for all
ensemble members and the hindcast. The grey-shaded band marks
the 95% confidence interval of inter-annual natural variability,
inferred from the hindcast. Depicted are grid cells located on the
10m depth line along the North Sea coast (for the numbering of
locations, refer to Fig. 1)
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Generally in all control storm surge simulations the
annual frequency (Fig. 8a) of extreme events compare
well with the hindcast with a decreasing number of ex-
treme surges from the North of Scotland (six to eight
events per year) to the end of the selected 10-m depth
line at the top of Denmark (two events per year). Only
along the Danish coast the number of such events is
slightly underestimated. The mean duration of these
events (Fig. 8b) is with about 2–5 h relatively short at
the Scottish North Sea coast but it increases at the
middle and southern English coast up to 7 h in the
hindcast. This part is well reproduced in the control
climate. Along the continental coast between the English
Channel and the German Bight the duration is under-
estimated. At the North Frisian coast, with the highest
‘hindcasted’ mean duration of extreme surges (up to
about 9 h) and near the Danish coast, with persistence
of these events between 6 and 9 h in the mean, the
control climate is again in good agreement with the
hindcast.

3.2 Future climate projections

Because of the deviations between hindcast and control
simulations of both, the atmospheric forcing as well as
the storm surge residuals, we interpret the differences
between scenario and control climate projections as a
relative shift of present-day statistics in the projected
future. By doing so, we assume that the systematic errors
in both the control and the scenario simulations cancel
to first order approximation. This assumption is inher-
ent in all climate change studies and represents the best
possible option so far.

3.2.1 Changes in meteorological forcing, 2071–2100

As all RCMs have been driven by the same GCM data,
possible reasons for the different response of the storm
surge model to atmospheric forcing from the different
RCMs may be attributed to differences in the RCM
model and experiment design such as for instance

different parameterizations of the atmospheric boundary
layer.

Possible reasons for the changes in storm surge sta-
tistics and their range, found in the different downscal-
ing exercises, are rooted in the different atmospheric
RCM formulations (Sect. 2.2) used to force the tide-
surge model.

Thus, we analysed the different meteorological forc-
ing conditions over the North Sea as changes between
the control run and the SRES A2 scenario for SLP and
near-surface wind speeds. The latter one is more relevant
as a driving condition for storm surges.

Changes in SLP conditions between the CTL time-
slice and the A2 scenarios are given by the changes of the
1st percentile level (not shown). All models show a
similar pattern simulating a decrease of that percentile.
The smallest decrease is simulated in the South West
region (around 0.5 hPa), which is getting larger to the
North and North Eastern part (from 2 hPa in HIR-
HAM, and RCAO over 2.5 hPa in REMO, to a decrease
of even 4 hPa in CLM).

The changes in the 99th percentile in 10 m wind
speed are again very similar for each of the four
ensemble members, with a very slight increase of up to
1 m/s. The impact of changes in wind speed on storm
surge extremes depends on the direction the strong
wind is coming from. Thus, the analyses were extended
by analysing eight different wind direction sectors,
each enclosing 45�. The highest increase in wind speeds
in the scenario is found in the sector with westerly
wind directions. Figure 9 shows the differences in the
99th percentile of 6-hourly sampled 10 m wind speed
(westerly sector) for each of the ensemble members.
The RCAO wind is increasing by up to 1.4 m/s over
large areas of the North Sea, whereas HIRHAM,
REMO and the CLM model show an increase of up to
2 m/s.

3.2.2 Changes in surge height extremes, 2071–2100

The changes in extreme (99.5th percentile) storm surge
statistics obtained from comparing the four IPCC A2

Fig. 8 Inter-annual mean of number of periods (‘events’) with percentiles above 99.5th percentile of water level (a) and mean duration of
periods with water levels above 99.5 percentile (b) for the control period 1961–1990 (DJF) for all four ensemble members and the hindcast.
The grey-shaded band marks the 95% confidence interval of inter-annual natural variability, inferred from the hindcast. Depicted are grid
cells located on the 10-m depth line along the North Sea coast (for the numbering of locations, refer to Fig. 1)
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SRES scenario driven simulations and the control runs
are shown in Figs. 10 and 11.

A series of null hypotheses (1)

Ho : pxðCTL MÞ ¼ pxðA2 MÞ ð1Þ

is tested to answer the question: is it plausible that the
differences merely reflect natural variations and that
they are not related to the changing forcing.

Where px(CTL_M) is the mean annual 99.5th per-
centile, derived in the control run with model M. x
represents either the percentile, or the number of events
above this percentile or the mean duration of periods
with water level above this percentile. px(A2_M) is the
same quantity in the A2 SRES scenario simulation with
the model M.

To test these null hypotheses, we determine the 95%
confidence interval deduced from a student t distribution
for the percentiles from the hindcast 1961–1990 and
determine for each grid box if the mean difference

px(CTL_M) - px(A2_M) lies in the confidence interval or
not. In the latter case we reject the null hypothesis (1).

Generally all climate change simulations show a
similar spatial pattern:

Changes in the 99.5th percentile surge residual
(Fig. 10) are minor along the 10 m bathymetry isoline
along the UK coast. Here, the model has shown reduced
skill in reproducing the observed statistics (Sect. 2.1.1).
Eastwards of the West Frisian Islands changes increase
up to 30 cm with highest values in the German Bight. In
terms of absolute values the RCAO-driven simulations
with an increase of up to 20 cm show the smallest
changes within the ensemble. Along the North Frisian
coast changes from all ensemble members are signifi-
cantly different from zero at the 95% significance level
compared to the natural variability obtained from the
hindcast.

Changes in the frequency of extreme events are ra-
ther similar in all simulations. Figure 11a shows an

Fig. 9 Differences ‘‘A2–CTL’’ in 29-year inter-annual mean of the 99th percentile 10 m wind speed in the four considered models.
Calculations of percentiles are based on 6 hourly data (DJF), only for west wind directions. Unit: m/s. Upper left: HIRHAM, lower left:
CLM, upper right: RCAO and lower right: REMO
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increase in the number of severe storm surge events
along the continental southern North Sea coast up to
about Esbjerg which is significantly different from zero
at the 95% confidence level. Here the mean number of
severe storm surge events is increased by about two
events per year in the period 2071–2100 compared to
1961–1990. This increase corresponds to a relative in-
crease of 50–100%. The duration of severe storm sur-
ges (Fig. 11b) shows strongest changes along the North
Frisian coast with statistically significant changes for
all ensemble members of the magnitude of up to 5 h
(about 50%), while changes are not significantly dif-
ferent from zero along the West Frisian coast and
westwards of it.

4 Conclusions

A state-of-the-art storm surge model was run for present
day (1961–1990) and assumed future climate conditions
(2071–2100) for the North Sea. Atmospheric forcing was
taken from four different state-of-the art regional

atmosphere climate models, which dynamically down-
scale the ‘control climate’ and the A2 SRES scenario
from IPCC. Analysis of changes between control and
scenario period of this ensemble are based on a phe-
nomenological characterization of extreme events. Using
an ensemble simulation rather than a single one, we are
able to detect the signal which is inherent in all storm
surge simulations and the range of uncertainty intro-
duced by the use of different RCMs to downscale a given
global climate change.

The comparison of the tide-surge model runs forced
with control climate conditions with a hindcast using
reconstructed atmospheric data gave satisfactory results.
On the positive side, the spatial structure of extreme
events, with highest storm surges in the German Bight
and relatively small values along the UK coast, was
found to be in good agreement with reconstructed con-
ditions. However, with the exception of the simulation
forced with CLM atmospheric data, the intensity is
generally too weak leading to an underestimation of the
storm surge 99.5th percentile—a finding consistent with
Flather’s and Smith’s (1998) results.

The overall structures of the changes between the
scenario and the control simulations are rather similar
for all ensemble members even though differences in
absolute values and statistical significance of the results
occur. Larger changes are obtained for the continental
coast while differences are generally smaller and not
statistically different from zero along the UK coast
(where the surge model performs less well). In the wes-
tern part of the continental coast the increase is pri-
marily a result of more frequent extremes while in the
eastern part, from the German Bight up to Denmark,
changes in the duration and the intensity of the extremes
become more important. Within the German Bight the
99.5th storm surge percentile along the 10 m bathymetry
line is increased significantly in all scenario simulations
by 20–30 cm which corresponds to a rise of around 20%
surge heights. In a real world these differences would
have different implications for coastal protection. A
stand-alone increase in the frequency of extreme events
would be less relevant for many coastal facilities, but an

Fig. 11 Differences ‘‘A2–CTL’’ in inter-annual mean of number of periods (‘events’) with water levels above the 99.5th percentile (a) and
mean duration of periods with water levels above the 99.5th percentile (b). The 99.5th percentiles are derived from the control period. The
differences are compared to 95% confidence bands reflecting the inter-annual variability in the hindcast. Depicted are grid cells located on
the 10-m depth line along the North Sea coast (for the numbering of locations, refer to Fig. 1)

Fig. 10 Differences ‘‘A2–CTL’’ in inter-annual mean of the 99.5th
percentile of water level/surge (DJF) for all four ensemble
members. The 99.5th percentile is derived from the control period.
The differences are compared to 95% confidence bands reflecting
the inter-annual variability in the hindcast. Depicted are grid cells
located on the 10-m depth line along the North Sea coast (for the
numbering of locations, refer to Fig. 1)
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increase in duration and magnitude of extreme events
could stretch their security limits.

When considering a rise of mean sea level heights due
to thermal expansion, the IPCC expects in case of the A2
SRES scenario for the end of this century (Houghton
et al. 2001) an increase of about 40 cm. (This number
may change significantly because of the changing vol-
ume of ice sheets and glaciers.) Since the mean water
levels adds to the storm surge height (Kauker and
Langenberg 2000), at least as long as the water level
changes are not very large, we have to add this number
to our expected increase of extreme surge heights. This
results in a possible increases of 60–70 cm in the 99.5th
percentile along the 10-m depth line mainly within the
German Bight—with a broad range of uncertainty
mainly related to the emission scenarios, the unknown
behaviour of ice sheets and glaciers, and differences in
the global climate change simulations.

The difference in modelled surge statistics in the
‘control climate’, using the four different RCM meteo-
rological forcings, is fully consistent with the analysed
high 10 m wind speeds—which is larger in CLM, HIR-
HAM and REMO than in RCAO. In the future climate
scenario all four RCM wind speeds show an increase in
the 99th percentile. A maximum increase is found, when
this analysis is limited to on westerly directions. This is
consistent with the positive trend in surge extremes
around the North Sea coast.

The response of the tide-surge model in that specific
climate scenario of future storm surge conditions ex-
hibit more similarities than differences between the
ensemble members. We can specify a band as a first
approximation, wherein the ensemble projections are
ranging. This is a first step to explicitly account for the
large uncertainties, to be inherent in all studies dealing
with possible future climate change scenarios. In this
study we only examined the uncertainty related to the
use of different RCMs. The use of different emission
scenarios and/or global circulation models may have a
larger effect on changes of storm surge statistics. Re-
cent studies (e.g., Leckebusch and Ulbrich 2004; Rau-
the et al. 2004) indicate that there might be
considerable variability in the response of the extra
tropical atmospheric circulation in dependence on the
used GCM and in dependence on the chosen green-
house gas emission scenario. Dealing with such uncer-
tainties will represent a major challenge for climate
impact studies in the future.
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