EXTREME SCENARIOS AT THE GERMAN NORTH SEA COAST
A NUMERICAL MODEL STUDY

Gerd Bruss Gabriele Gonnetand Roberto Mayerte

A procedure, based on numerical models is proptsedvestigate the processes involved during caorit of

extreme water levels within the outer Elbe est@he German North Sea coast. Nonlinear intenasti®tween the
different processes are analyzed and adverse catidns are simulated yielding new scenarios. Varicenditions
in the astronomical tide, three major storm events the North Sea, several external surges arndcagase in the
mean sea level are analyzed. Techniques for theelingdof each of the isolated processes are desdl@nd
individually verified. The isolated processes amporally shifted relative to each other and supeosed in various
combinations. The results obtained from the presesthod, provide new insights into the nonlinederactions
between the involved processes. Generally, thesteffef the processes seem to be reduced in suft@psswith

high absolute water levels. However, due to thgeascatter of the results no general relationsf@rad. New
extreme scenarios are determined by iterative maations of the peak water level of different sygmsitions

around spring high tide.
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INTRODUCTION

The most relevant processes contributing to sicgnifi water level variations at the German North
Sea coast are the tides, wind surges generatedohyssover the North Sea and external surges,
generated on the Northeast Atlantic (Siefert, 1998nnert, 1999, 2003). If these processes occur in
adverse combinations their effects might accumutateenarios of extremely high water levels.

The aim of this study is to provide new insight®ithe nonlinear interactions beween the different
processes and to determine adverse process combgalhe investigations are carried out using
process based numerical models and thus complethenttoncurrent empirical analysis of the
nonlinear superposition of extreme events (Goneeral., 2010a & b). In empirical methods it is
difficult to clearly identify the nature of the ialwved interactions. With the advancements in thkl fof
numerical modeling, the water levels during extremeather conditions can nowadays be reproduced
rather well. Past storms can be reconstructed landetative importance of the individual contritouts
leading to high water levels can be estimated. lDetéstic models account for nonlinearities in the
interactions between the involved processes andtlamefore suitable tools to investigate these
interactions and to simulate adverse process catibis, yielding extreme and consistent scenarios.

An existing modeling system, covering the entirgatN&ea and parts of the Northeast Atlantic, has
been modified to cope with the requirements of thek. The extensive verification of the original
model is described by Mayerle et al., 2005, corifigrits adequacy in hindcasting water levels for a
wide range of conditions typical to the site in sfien. This study is focused on the Station of
Cuxhaven located at the mouth of the Elbe estdaghniques for the isolated modeling of each of the
contributing processes are developed and verifiednvestigate the mutual interactions, the proegss
are overlaid in various combinations. The most estvsuperpositions lead to new scenarios of extreme
water levels. The effects of an increase in theorey mean sea level on the local water level in
Cuxhaven and its interaction with the other proessse also analyzed.

AREA OF INTEREST AND MODEL SYSTEM

The area of investigation is the German North Setcwith focus on the conditions at the Station
of Cuxhaven located at the mouth of the Elbe Ra@mne 100km from Hamburg (Fig.1). In order to
capture the large scale processes, that are rebkjeof significant water level changes in Cuxhayve
an existing model system covering the North Seamarts of the Northeast Atlantic is used. Fig. 1
shows the spatial coverage of the applied downsgaltheme of the depth-integrated flow models. The
modeling system is based on the Delft3D software wuDelft Hydraulics (Lesser et al., 2004) and
consists of 3 sequentially nested models in twiediht resolutions.
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Fig. 1. Investigation area and model domains

The two larger models of the North Sea and the idaidt Atlantic have the same resolution of
around 10km and are based on an enhancedoweodi the Continental Shelf Model (CSM), set up
by Verboom et al. (1992). The original CSM was tsfienable simulations of the isolated effects of
storm and external surges and to overlay themnSsurges over the North Sea are modeled with the
North Sea Model whereas external surges are sietllat the NE-Atlantic Model and passed as
boundary conditions to the North Sea model. Them@erBight model (GBM) is nested in the North
Sea Model to increase the resolution along the @eraoastline to around 1km. The original nesting
sequence of Continental Shelf and German Bight ifsodas been validated extensively elsewhere
(Mayerle et al., 2005). The verifications of thelé&ed process simulations performed in this sty
described in the corresponding paragraphs below.

METHOD

The most relevant processes contributing to sicgnifi water level variations within the outer Elbe
estuary are tides, surges generated by storm ewentsthe North Sea and surges originated in the
Northeast Atlantic, called external surges (Gonr03). The influence of the Elbe river dischaigye
negligible in the outer parts of the estuary (RptipR005). In other words extremely high water leve
on the German North Sea coast are always causad &gverse combination of tides and surges. In this
study the different contributing processes are dpleal, modeled individually and superimposed in
variable combinations. The investigations coverresentative tidal conditions, three major storm
events over the North Sea, several external sdogesed on the Northeast Atlantic and an increase in
the mean sea level due to global warming. The rizadibn of the existing CSM was done in a way to
allow for simulations of individual processes anor fa flexible overlay of different process
combinations. All model based realizations of stngtocesses are verified individually by comparison
with measurements, empirical data or astronomie pdedictions. The peaks of wind set up and
external surges are temporally shifted and overhaith the tide. Simulations with different
combinations of processes are used to analyze dahgenof their mutual interactions. Due to the
nonlinearity of the interactions between the preessmost adverse superpositions are obtained by
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iterating the temporal shifts around an averagaggrigh tide. Extreme scenarios are simulated with
and without the effects of an increased mean set le

In the following, the different techniques of madglindividual processes and the verification of
each of the corresponding modeling techniques aseribed. Then the interactions of each process
with the tide and the interactions between all peses are discussed. Finally the iterative approach
leading to scenarios of high water levels is pressbiand the most extreme scenarios are compared to
the recorded events.

MODELING OF INDIVIDUAL PROCESSES

Astronomical tide

The semidiurnal tide (~12.5h) of the North Sea hawadays a mean amplitude of ~3m in
Cuxhaven. The mean high tide is around 1.5m abosen@n datum (NN) with an increase of up to
0.6m during spring tide. For the modeling of theeptide, astronomical forcing, in the form of 10
spatially variable harmonic constituents, is applidong the open sea boundaries of the NE Atlantic
model (Fig.2). No transfer of momentum from the @éphere is considered. In this way the pure tide is
modeled for the entire year of 1999. In the lefadhaside of Fig. 2 the performance of the model is
verified by comparing the simulated high and lodes with astronomic predictions of the Federal
Maritime and Hydrographic Agency of Germany (BSbl) the station of Cuxhaven. The coefficients of
the linear fit and the standard deviation of thifedénces represent a good model performance. Dut o
the modeled year of 1999 one representative tidabg was selected as it includes the local tidal
conditions of mean low tide (-1.5mNN), mean higtheti(1.5mNN) and an average spring high tide
(1.85mNN). This “average tide” of 14. August 199%.(Fig.5-7) is used throughout the further study
to analyze the superpositions with the other praegs
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Fig. 2. Simulation and verification of the pure tid e

Increase in the mean sea level (MSL)

There are different predictions for the increasthefmean seal level (MSL) due to global warming
within the 21% century (Meehl et al., 2007). In this study thieets of an increase of the mean sea level
of 0.5m and 1m are investigated, covering roughéyrhean and the upper limit of the predictions. The
simulations of an increased MSL are done by addiegnstant value (0.5m or 1m) to the MSL of the
open sea boundaries of the Northeast Atlantic mdlded increase of the MSL is assumed as spatially
constant along the open boundary sections. Sinlgeeatreme events during short periods of time are
analyzed here, the MSL is considered to be temiyarahstant throughout the simulations.
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Storm surges

Storm surges at the southeastern German North @&esh are produced by strong winds (>25m/s)
over the North Sea with a prevailing direction betw North and West (Jensen & Miller-Navarra,
2008). Storm surges can be strongly variable botduration and peak water level, depending on the
triggering meteorological situation (e.g. prolong&tbng winds with constant direction or small fast
moving intense low-pressure cyclones).

Recorded surges at Cuxhaven range up to 4.3m dimwmgde and 3.7m during high tide. Three
relevant storm events, leading to significant ssi@eCuxhaven, are focused on: the event of Feg¥,19
with the highest recorded surge (occurring at lade)t the event of Jan. 1976 with the highest
measured absolute water level when the peak ofuhge occurred close to high tide and the more
recent storm of Dec. 1999. To reproduce the hydradyc situation of each storm the available data
repository of meteorological hind casts from difier sources is screened for suitable sets. After
simulating the water levels with all available da&ds the most suitable ones for the reproductidheo
storm surges in Cuxhaven are selected. The beshe&reacenarios for the two earlier storms are
identified among the meteorological ensembles, gted in the MUSE project (Koziar & Renner,
2005). The more recent lesser storm surge of D&29 tould be best reproduced using data from the
PRISMA dataset (Luthardt, 1987). Fig. 3 shows tleeification of the three hydrodynamic storm
reproductions.
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Fig. 3. Verification of the hydrodynamic storm reco nstructions for the station Cuxhaven and sketch (lo wer
right) of the technique of simulating isolated stor m surges in the North Sea

First the pure astronomical tide was simulatedefach period. The black lines (dotted and solid)
show the simulated and the astronomically predididd at Cuxhaven. The agreement between
modeled and astronomically predicted tidal wateelle at the Station Cuxhaven is good for the pariod
in 1999 and 1976. The reconstruction of the tid&967 shows a certain vertical offset. This might b
caused by differences between the implemented nimatbiymetry and the actual bathymetry in 1967.
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To ensure comparability, all simulations are dorith the same model bathymetry which is based on a
data compilation around the year 2000.

The storm events are then simulated by drivingehtre model system (CSM+GBM) with the
selected meteorological data sets and the tide.bline lines in Fig. 3 show the comparison of the
measured and simulated water levels in Cuxhaves.r&ld lines represent the surges, determined as
difference between absolute water level (blue) tohel (black). At the beginning of the '76 storm and
after the peak of the '99 storm the simulated ssidgviate from the observations (measurements — ast
pred.). Nevertheless, considering that the use@anelbgical data sets are not validated reanabyfsis
the events but rather selected as ‘best suitabtah fthe available data repository, the overall
hydrodynamic reconstructions of the storm eventshEregarded as satisfactory. As will be seem,late
it is important to notice, that the three stornggsrare of significant differences both, in theiaks and
in their temporal course.

Observed surges are determined as difference betmeasured water level and astronomically
predicted tide and may contain the effects of estlesurges. For the next steps of this study plamens
surges are modeled individually only dependingtanrheteorological condition within the North Sea.
The isolated modeling of storm surges is simuldigdapplying the transfer of momentum from the
atmosphere only within the domain of the North 8ealel (spatial plot in Fig.3). In simulations were
effects entering from outside (tides, external egjgare superimposed with storm surges, theseteffec
are introduced via the boundary conditions at hendooundaries of the North Sea model.

External surges

Another process which can contribute to a conshierancrease in the near shore water levels at
the German North Sea coast is the so called “extesurge”. External surges are disturbances to the
water level, generated by meteorological impacsidetthe North Sea. In the deep waters of the North
Atlantic such disturbances are mainly induced Is¢ faoving systems of strong air pressure gradients.
Over the shallower waters of the continental stedfinfluence of the wind becomes predominant (Bork
& Miller-Navarra, 2006). External surges enter flierth Sea as long waves, mostly through the
northern boundary between Scotland and Norway amplggate inside the North Sea comparable to the
tides, however with smaller amplitude. Their averagavel time between northern Scotland and the
mouth of the Elbe River is around 13 hours (GOnrif03).

To identify external surges from records of watarels, the effects of tides and surges driven by
wind within the North Sea have to be filtered datthe case of the tides, astronomical predictanes
subtracted from the measurements. To eliminate wliiden surges empirical relationships between
measured wind and recorded surges are used (Midlearra & Giese, 1999). In this way several
external surges of up to ~1.1m amplitude have héentified in Cuxhaven for the 24 years period
between 1971 and 1995 (Gdnnert, 2003). Based erd#ia several surges have been selected for the
verification of the model based realization of thiscess.

Isolated external surges are simulated by imposmageorological hind casts of the PRISMA
dataset (Luthardt, 1987) over the NE-Atlantic fbtwe tperiods of the selected surges. The wave,
generated in the NE-Atlantic, is allowed to propgagheely within the North Sea with no further
transfer of momentum from the atmosphere (spaf@ ip Fig.4). On the left side of Fig. 4 three
simulated surges are compared exemplary to thenaabelata at the stations Aberdeen and Cuxhaven.
The observed surges at both stations are derioed\rater level measurements by the abovementioned
filtering process.

Several uncertainties are involved in the verifaoat of the applied technique. There are
uncertainties in the empirical determination ofeemtil surges, uncertainties about the accuracheof t
meteorological hind casts and about the influente¢he model extent into the North Atlantic.
Nevertheless the travel time of the surge betwdeerdeen and Cuxhaven is reproduced and the shape
and peak of the surges show a good agreementheitbliservations as well. This confirms the validity
and robustness of the applied technique despitmatrtainties. The highest modeled external safge
December 1990 is selected for the further investiga.
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Fig. 4. Verification (left) and sketch (right) oft  he modeling technique for simulating isolated exter nal surges

INTERACTIONS WITH TIDE
Each of the above described individual processesaperimposed with the tide and the resulting
water levels at Cuxhaven are analysed to idertigyniature of the interactions.

Increased mean sea level (MSL)

To investigate the effects of an increased meanlesad (MSL), the entire year of 1999 was
simulated applying a MSL of OmNN, 0.5mNN and 1mM¥. increase in the MSL, modeled by raising
the water levels at the open model boundariesénNbrtheast Atlantic by a constant value, does not
lead to a constant increase of the near shore Veatelrat the German coast.

The top of Fig. 5 shows the three simulated tinmeesef the water level in Cuxhaven for four days
around the representative tide in Aug.’99 and tifiler@nces with respect to the simulation with MSL
Om (y-axis on the right). In the lower panel th&edences are plotted against the tidal water |efel
MSL Om for the entire year of 1999. The differene#s not constant and the variation is moreover
larger for a higher MSL. The increase of the lowater level ranges between ~0.4m and ~0.6m for a
MSL of 0.5m and between ~0.75m and ~1.25m for a MELm. There is always a short peak at the
beginning of the flood phase indicating the intémacwith the tidal phase. At low tide the increase
always below the mean whereas at high tide it @&/alf{black dots in Fig. 5). This means, that tlealo
tidal amplitude gets larger. For a MSL of 0.5m ttighest rise of the local water level at Cuxhaven
occurs close to high tide.

The tendency of a local increase in the amplitummapanying a rise of the MSL is confirmed by
the analysis of long term measurements of the viewet at Cuxhaven. A stronger rise of the meai hig
tide compared to the increase of the mean lowisiddserved (Mudersbach & Jensen, 2006).
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Storm surges

To investigate the interactions between the tid storm surges, the wind- and air pressure fields
of the three storm events described above are tathpshifted and superimposed with the tide. Each
of the storms is shifted to different positionshiitthe representative tidal period of Aug. '99v&=l
shifts with an hourly increment were performed irtls a way, that the temporal occurrences of the
peaks of the surges cover the entire period ofhei#s of the representative tide (Fig.6 top). Title t
is generated in the NE-Atlantic model and passdsbasdary conditions to the North Sea model where
wind- and air pressure fields are imposed thuslayig surge and tide.

The top of Fig. 6 shows the resulting surges infauen exemplary for the storm of '67. Each grey
line represents the surge of one simulation, detemunby subtracting the representative tide from th
absolute water level of the superposition. Thetbns surges in Fig. 6 differ in their peaks as vasliin
their shape (temporal development). This is obskrfee the other two storms as well. The main
objective here is to determine the interaction leetwthe maximum surge height and the tidal water
level. To that end the maximum surge height attang along the representative tide is determined as
the upper envelope of all surges (black line Fig.6)

It should be mentioned, that if the peak of a ‘d&ane surge’ is shifted to a certain time and
overlaid with the tide, the resulting surge (aftabtraction of the tide) might show the peak digintdy
different time. Another aspect of the ‘upper enpelas that the surge of a shift, being the higlsesge
at one time and constituting the point of the eopelat this time, might be even higher (but maydte n
the highest), at another time. This does howevérimerfere with the following statements that are
based on the analysis using the ‘upper enveloge’'ogeh and is only mentioned to clarify the meaning
of the ‘upper envelope’. The ‘upper envelope’ ig thighest possible surge at any time within the
representative tidal period, produced by one stwrourring at any of the hourly temporal shifts.

The two lower panels of Fig. 6 show the upper espes$ of the surges of each of the three storms
together with the tidal water level (y-axis on ftiight). In the middle panel the absolute valueshef
envelopes are plotted, in the lower panel all espet are normalized by their maximum. Again, as for
an increased MSL, all three storm surges show # bhb distinct increase at the beginning of thued
phase. Their interactions with the tide depend afsthe tidal phase and not only on the absoldtd ti
water level. Generally, the surges are highehef/toccur close to low tide compared to high titlee
amount of reduction, when shifted from low tidehigh tide is however variable between the three
storms, suggesting a dependency on the type ftdinm.
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The reduction seems to be stronger for short st¢iisand ‘99) and for high surges (‘76). The
comparatively long duration of the '76 storm (Figl&8ads to the smallest variation of the interactio
with the tide. The maximum of the surge is reactwdde during the flood phase, at the beginning and
close to the end, shortly before high tide.

External surge

For the selected external surge of Dec. '90 theesdrh hourly shifts as for the storms are
performed within the period of the representatide.t The meteorological fields are applied over the
NE-Atlantic superimposing external surges and tidéthin the North Sea no further transfer of
momentum from the atmosphere is considered. Aghé Highest surge at any time along the
representative tide is determined as upper envetdpall shifted surges. Fig. 7 shows the upper
envelope of the external surge (solid black limsymalized by its maximum of around 0.9m. A short
increase at the beginning of the flood phase isnagaible. In contrast to the surges, produced by
storms over the North Sea, the local effect ofreelesurges is higher at high tide compared totider.
The smallest external surge of only 70% of the maxn appears after a fast drop during the ebb phase.

Summary of the individual interactions with the tid e

In Fig. 7 the highest effects (upper envelopesalbprocesses are plotted together in normalized
form. The two dotted lines of the effects of anrgased MSL are the normalized differences of Fig. 5
within the period of the representative tide. Theyghand represents the span of the effects ahtiee
storms. Increased MSL and external surge showasinmiteractions with the tide. They lead to a highe
increase of the local water level in Cuxhaven closkigh tide. Storm surges lead to a higher ireeea
close to low tide and their effect at high tide wha large variation depending on the type of storm
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Common to all interactions is the short but didtincrease of the effects at the beginning of thed
phase.

In the theory of stationary wind set up, the heighthe wind set up is not only a function of the
wind shear stress at the sea surface but alscedfdttom roughness. The roughness is slowing down
the near bottom back flow which is compensatingviired driven surface currents. A deceleration of
the back flow supports the piling up of wind drivemrges. According to this theory the wind setsup i
higher in shallow water where there is less spacédckflow and the compensating current is affiécte
stronger by the bottom roughness. This might paxtiglain the identified interaction patterns betwee
storm surges and the tide. During the flood phhsetitlal current is directed onshore and thus gctin
against the compensating current which leads tanitrease of the wind set up. This is observedlin a
three storms. According to the stationary theogydffshore currents of the ebb phase reduce the win
surge by supporting the bottom close backflow. thercomparatively long and thus ‘more stationary’
surge of '76 this is observed (Fig. 6). The otheo shorter storm surges do not show such a clear
sensitivity to the ebb phase. This underlines tifuénce of the type of the storm. It is moreover
interesting to notice, that the storm with the leigiistandalone surge’ (‘67) is not the one leadinthe
highest absolute water level when superimposed higth tide (c.f. addition of surge and tide in nld
panel of Fig. 6). The results suggest no unifortati@n in the interactions between tide and storm
surges, which cover any type of storm.

100
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Fig. 7. Interactions of all processes with the tide

The theory for stationary wind set up does not wjipt the other two processes of an increased
MSL and external surges. In this processes therenarpronounced vertical circulation patterns.| Stil
the interactions of these processes with the tid@vsan even stronger dependency on the tidal phase.
the case of an increased MSL the increase of thditahe might be explained by the reduced effect of
the bottom roughness. For higher water levelseterding effect of the bottom roughness onto fthel ti
currents is reduced. The resulting higher tidafents can transport a larger water volume and tead
higher tidal amplitude near the coast. Externajjssirof long period seem to interact similarly vile
tide.

INTERACTIONS BETWEEN PROCESSES

To identify interactions not only with the tide bbetween all processes, different process
combinations are simulated. External surge anddigepassed to the North Sea model in the form of
boundary conditions and there overlaid with eachhef three Storms. Due to the potentially large
number of simulations the superpositions of diff¢éngrocess combinations are performed only for the
three representative tidal conditions of mean lio@,tmean high tide and mean spring high tide éut o
the representative tidal period. The following camaltions of processes are simulated:

T =Tide

* T_E = Tide + External surge

*T_S =Tide + Storm surge

«T_S E =Tide + Storm surge + External surge

*T_msl = Tide msl .5m

T _msl_S =Tide msl .5m + Storm surge

*T_msl_E = Tide msl .5m + External surge

T _msl_ S E =Tide msl .5m + Storm surge + Extesuagje
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The simulations indicated in italic font are dissed above. The other superpositions are
performed for each of the three storms with thekpad storm- and external surges shifted to theethr
mentioned tidal conditions.

Individual components of the total water level, regponding to the effects of each involved
process, are determined by subtracting the wateldeof different simulations. As an example, the
component of the external surge E in the supelipasitf T_msl_S_E is determinedas: E=T _msl_S E
—T_msl_S.

O msl0.5m
A external surge
[m]

component [m]

|

1

4
absolute water level [MNN]

Fig. 8. Single process components of different supe rpositions in relation to the absolute water level.

In Fig. 8 all individual components are plotted iagh the absolute water levels of the
corresponding superpositions. The different proegesare distinguished by different symbols. The
linear trends to the components of each of theqeses suggest the tendency of a decreasing inluenc
for an increasing absolute water level. The higiher absolute water level of the superposition the
smaller the effects of each process. The amounkddction seems moreover to be related to the
magnitude of the components. The reduction of higbenponents (e.g. storm surge) is stronger.

In the above discussion of the interactions with tide alone, it was observed, that the influences
of an increased MSL and the external surge areehigh high tide. These components which are
opposing the trend are included in the data of &ignd contribute to the scatter. The components of
the storm surges show an even stronger scattemdiggeon the type of storm. The components
considered here only represent the three tidal itond of mean high tide, mean low tide and mean
spring high tide. Above a peak of all effects wated at the beginning of the flood phase. The scatt
is therefore likely to increase even more, if ottigal conditions are included.

Another aspect worth mentioning is that the math@aladdition of all components (if > 2) of one
superposition usually deviates from the absoluteemtevel of the superposition (e.g. T + S #E
T_S_E). The amount of deviation is moreover vasgablhich underlines the nonlinearity of the
interactions.

EXTREME SCENARIOS

To arrive at scenarios of extreme water levelsunh@ven, the different contributions which have
been modeled individually are superimposed in radstrse combinations. Storm and external surges
are temporally shifted relative to the tide in saclay, that the peaks coincide with the sprind ide
of 14. Aug. '99. The surges, that result from thertay with the tide show their peak however at a
slightly different time compared to the shiftedaistialone surges’ (c.f. chapter storm surges). iEhis
due to the nonlinearity of the interactions betwtencontributions and appears in the superpositfon
both, storm surge and external surge with the fiderefore the most adverse superpositions, leading
to the highest water levels, are determined bwtitez shifts and overlays. Simulations with anchaitt
an increase in the mean sea level are performed.

In the superposition of storms and external sutihesneteorological fields of the storms over the
North Sea are combined with the meteorologicallfedf the external surge over the NE-Atlantic. This
implies an actual discontinuity in the meteorolagjisituation along the boundary of the North Sd&e T
justification for the proposed method is howevesdihon the assumption, that the existence of a



COASTAL ENGINEERING 2010 11

consistent weather scenario, which leads to thecmgnce of a high external surge and a strongnstor
surge in Cuxhaven, is possible (Gonnert et al.0ap1The storm flood of February 1962, which had a
devastating impact onto the German North Sea ea#isimore than 300 casualties, is such an example
of the coincidence of storm and external surges.

Comparison of extreme scenarios to observed events

In Fig. 9 the extreme scenarios in terms of thetradgerse superposition for each of the storms are
compared to the original events. The water levedsilting from the superpositions of T_ S, T_S _E and
T _msl_S E for a MSL of 0.5m are plotted. The ‘sposition scenarios’ do not have a real time
reference (e.g. storm surge of Fe. '67 and extesungje of Dec. '90 are shifted to the tide in N§@).
To enable a better visual comparison, the peakiseo§cenarios are therefore positioned at the ¢ifne
the peak of the original event. It can be seenttf@peak water levels of the scenarios are saamifly
increased compared to the original events.

| | === measurement of original storm event

~ = = superposition of storms surge
= perp spring high tide
z
% storms surge
9 — superposition of external surge
2 spring high tide
Q
g storms surge

------ superposition of external surge and MSL 0.5m
spring high tide
| |
z z
Z =
E E
© ©
> >
K o
3 9]
] ©
= H
Fig. 9. New scenarios in comparison to the original events

According to the local storm surge classificatidiB&H, events with water levels above 5mNN are
considered in the highest category as ‘very sestmn flood’. Of the original storms only the everfit
1976 reaches a peak water level of 5.1mNN. All nesenarios reach this class limit and all
superpositions including the external surge exceédey at least ~75cm. If the duration of one evsn
roughly defined as the time between the troughsrbe&nd after the peak, the durations of the new
scenarios are similar to the original events. Time tof exceedence of extreme water levels is howeve
naturally different.

Out of the new scenarios the superposition of therssurge of Jan. '76 with the external surge of
Dec. '90 and the mean spring high tide of Nov. [8fds to the highest water level in Cuxhaven. This
shows, that it is not the storm of the highestridione surge’ of Feb. '67 which leads to the highe
scenario when superimposed with the other proce$bésis probably due to the distinctive interanti
of the comparatively long storm surge of '76 witte ttide. Despite the iterative maximization of the
water level peaks to spring high tide, the actughést water levels of the scenarios appear ~30min
before spring high tide. This again is due to thelimear interactions between the processes.
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CONCLUSIONS
Process based numerical models have been usedestigate the superposition of different causes
that lead to high water levels at the German N8gh coast. The following are the conclusions:

» Processes, that contribute to high water leveBuxhaven, like storm surges, external surges, tides
and an increase in the MSL are decoupled and modedividually. Each modeling technique is
verified successfully.

« From the overlay of each process with the tides found, that the tidal phase (flood or ebb) has a
strong influence on the interactions. The effedtalbprocesses show a short but distinct increase
at the beginning of the flood phase. An increasithénMSL and the external surge lead to a higher
increase of the local water level in Cuxhaven cltséigh tide. Storm surges lead to a higher
increase close to low tide and their effect at high shows a large variation depending on the type
of storm.

* The interactions of different process combinatians analyzed for the three tidal conditions of
mean low tide, mean high tide and mean spring Htidg. The results indicate that there is a
relationship between the effects of each procedstfaa absolute water level of the corresponding
superposition. For higher absolute water levelsnbe/idual effects are generally reduced. This is
in agreement with the results of empirical stud@$nnert et al., 2010a & b). Effects of higher
magnitude, e.g. the components of storm surgesiuaifeermore reduced stronger. The scatter of
the results is however large and no generally aable relations for the process interactions can be
derived.

e The proposed method of a model based decouplingdi¥idual processes and their adverse
superposition leads to new, consistent and extsmararios. The highest water level at Cuxhaven
is simulated with the superposition of the meaingphigh tide of 14. Aug. ‘99, the storm surge of
the storm of Jan. ‘76 and the external surge of 3L It is not the highest recorded storm surge
of Feb. ‘67, which leads to the most extreme sdemelnen superimposed with the other processes.

* Return periods for the scenarios are yet unknovehcamcerning the absolute values of the peak
water levels, uncertainties in the boundary coadgihave to be considered. Still all new scenarios
fall within the highest local storm surge classifion and might be used for various tasks of storm
impact assessment.

New insights into the nonlinear interaction betwédes, surges and an increase in the MSL have
been gained. New questions arose from the resultduather investigations are envisaged to improve
the general understanding. A better knowledge att@uinvolved processes might also help to support
other fields of study like the development of stsfic storm surge models (Wahl et al., 2010), which
in turn might be helpful in the determination ofnjoprobabilities and return periods for the exteem
scenarios described in this study.
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