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Abstract. This paper describes a methodology to stochasti-millions of people and billions of assets are threatened by in-
cally simulate a large number of storm surge scenarios (hereundation caused by mean sea level changes and first of all by
10 million). The applied model is very cheap in computa- storm surge impacts.

tion time and will contribute to improve the overall results  The European Union (EU) has recently passed a direc-
from integrated risk analyses in coastal areas. Initially, thetive “on the assessment and management of flood risks
observed storm surge events from the tide gauges of Cuxt2007/60/EC)” (EU, 2007). The directive requires the EU
haven (located in the Elbe estuary) andrium (located in member states to investigate flood risks for potentially af-
the southeast of Sylt Island) are parameterised by taking intdected areas (inland and coastlines). For coastal areas, dif-
account 25 parameters (19 sea level parameters and 6 tinferent storm surge scenarios have to be considered to map
parameters). Throughout the paper, the total water levels arghe flood extent. At least three different scenarios (with
considered. The astronomical tides are semidiurnal in the infow, medium and high probabilities of occurrence) should
vestigation area with a tidal range2m. The second step be taken into account for the analyses. The preparation of
of the stochastic simulation consists in fitting parametric dis-flood risk maps includes the estimation of the adverse conse-
tribution functions to the data sets resulting from the param-quences (number of affected inhabitants, types of economic
eterisation. The distribution functions are then used to runactivities in the affected areas, pollution etc.). Based on this
Monte-Carlo-Simulations. Based on the simulation results, anformation, flood risk management plans have to be estab-
large number of storm surge scenarios are reconstructed. Péshed. The quantification of potential losses in the hinterland
rameter interdependencies are considered and different filtesis well as the estimation of failure probabilities of existing
functions are applied to avoid inconsistencies. Storm surgélood defence structures is not provided. However, this is
scenarios, which are of interest for risk analyses, can easilyhat has to be done when appling risk based design meth-
be extracted from the results. ods or performing intergrated risk analyses, respectively,
which have gained more importance in river and coastal en-
gineering in recent years (e.g. FLOODsite, 2009; Schumann,
2011). In Germany, the joint research project XtremRisK
(www.xtremrisk.d¢ was launched in 2008 to perform pi-
Performing integrated risk analyses is a crucial task forl0t studies (i.e. integrated risk analyses) for two investiga-
coastal managers and engineers and becomes even more iff2" @réas in the German Bight (Sylt Island and Hamburg)
portant in times of a warming climate, which potentially (OQumeraci etal., 2009; Burzel et al., 2010).

leads to changes of mean sea level heights, storminess or the A Widely used approach to conduct integrated risk analy-
wave climate. At the same time, the concentration of peopleSes is based on the Source-Pathway-Receptor-Concept (SPR-
living and assets located in coastal areas is rapidly increasin§oncept; e.g. Oumeraci, 2004) as shown in Fig. 1. First,

and is expected to continue to grow dramatica”y in the fu_the risk sources are analysed before failure prObab”ities of
ture (McGranahan et al., 2007; Nicholls et al., 2011). Todaythe flood defence structures are calculated. Breach models

(for dykes or dunes) are applied to identify the initial con-
ditions for flood propagation and finally, potential losses in
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1 Introduction and objectives
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Fig. 1. Source-Pathway-Receptor Concept for risk analyses and relFig. 2. Risk curve (left) and relevance of different storm surge sce-
evant risk sources for coastal areas. narios with different water level heights for risk analyses in coastal
areas (right).

first of all, storm surges). From Fig. 1 it can be seen that dif-
ferent risk sources have to be taken into account for floodof scenarios which can be generated. Furthermore, it is im-
risk analyses in coastal areas. Mean sea level represenportant to take into account storm surges with different char-
a quasi-static loading factor for coastal defence structuresacteristics. This does not only include the storm surge wa-
as possible changes occur comparably slow and adaptatioer level height, but also the temporal evolution of the storm
strategies can be planned. Wahl et al. (2010a, 2011a) resurge water levels (i.e. the time-dependent behaviour of the
cently conducted a detailed analysis of observed mean seaater levels) or the duration of the storm surge events (see
level changes in the German Bight. Storm surges and wince.g. Cai et al., 2008; Wahl et al., 2011b). In this paper, an
waves, which may coincide due to meteorological forcing, approach to stochastically simulate a large number of storm
represent dynamic loading factors leading to high water lev-surge scenarios (here: 10 million) is presented. Selected
els for shorter time periods. Throughout this paper, the termstorm surge scenarios from the simulated results, which are
“storm surges” describes extreme still water levels (i.e. wavegelevant because of their characteristics, can directly be con-
not included) that arise from the combination of astronomi-sidered for risk analyses. Uncertainties are reduced by con-
cal tides and a meteorologically induced surge componentsidering a larger number of scenarios. Further, the required
Investigations on long-term changes of storm surges in theeomputation time is comparable small. At the same time,
German Bight have recently been undertaken by Mudersbacthe simulated storm surge events can be used as input data
etal. (2011). for statistical assessments (in addition to the observations),
It is necessary to consider a large number of storm surgevhich also play an important role when performing inte-
scenarios for a scenario-based risk analysis, as outlined bgrated risk analyses. A multivariate statistical model based
Fig. 2. Initially, a risk curve (as shown in Fig. 2, left) has to on Copula functions to jointly analyse selected storm surge
be estimated before its integration leads to the overall floodand wave parameters is presented in a companion paper by
risk. The approximation of a risk curve requires a larger Wahl et al. (2011b). In this companion study, the results pre-
number of events to be considered as sampling points (Fig. 3ented here (i.e. stochastically simulated storm surge events)
contains only four events for presenting purposes). Figure A&re considered as the data basis and joint exceedance proba-
(right) highlights that storm surge scenarios with extremelybilities are calculated (with and without wave conditions in-
high water levels are not relevant for an integrated risk anal-cluded).
ysis because the exceedance probabilile®f such storm Risk-based design methods and probability concepts in
surge events and thus the related probabilities of floodingwvhich stochastically simulated input variables are used have
Piioog are approximately zero. At the same time, storm surgealready been established in different fields (e.g. structural
scenarios with low water levels can also be neglected, as thand mechanical engineering, hydrology etc.) (Ang and Tang,
potential losse® caused by such events are approximately2007; Reeve, 2010). Especially for designing dams or reser-
zero. voirs, similar approaches to the one presented in this pa-
To derive a sufficient number of relevant storm surge scejper for coastal areas are widely used. The methodology
narios as input data for risk analyses, different methods areonsidered, for example, by Klein (2009) or Bender and
available and have been considered in former studies. Nudensen (2011) to stochastically simulate flood hydrographs,
merical hydrodynamic models can be used (e.g. Jensen ebnsists of similar computational steps. However, significant
al., 2006; Mudersbach and Jensen, 2009) as well as empienhancements were necessary to account for the different
ical approaches (e.g.danert et al., 2010). Both methods systematic situations in coastal regions. The methodology
are very time consuming and therefore restrict the numbeto stochastically simulate storm surge scenarios was already
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Fig. 3. Results of the Stability Method (top) and Mean Residual Life plots (bottom) with 95 %-confidence bounds to identify appropriate
thresholds based on the tidal high water time series for the tide gauges of Cuxhaven (leftyranthKright).

briefly described by Wahl et al. (2010b). The present pa-the reference station to assess the flood risk for the city of

per provides detailed information about all relevant compu-Hamburg, the only German megacity located in an estuary.

tational steps; the applicability of the model to different in- The most devastating storm surge event along the German

vestigation areas (i.e. an island and an estuary) is tested ardorth Sea coastline over the last century occurred in Febru-

a validation section is included. ary 1962. 340 people died (315 in Hamburg) and major parts
The paper is organised as follows: in Sect. 2 the consid-of the city of Hamburg were flooded.

ered data sets are introduced. The applied methodology is de- Considering the temporal behaviour of storm surge water
scribed in detail in Sect. 3. The key results are Summariseq’eve|sy itis necessary to ana'yse h|gh frequency observations
and discussed in Sect. 4 and the paper closes with conclutat least hourly data). The tide gauge obidum has pro-
sions in Sect. 5. vided data from 1936 onwards (digital high frequency data
since 1999, digital high and low waters and analogue tidal
charts before 1999). Cuxhaven has provided continuous data
from 1900 onwards (digital high frequency data since 1918,

The following analyses are based on the available sea IevejIgltal high and low waters and analogue tidal charts before

observations from the tide gauges dtdum and Cuxhaven. 918)_' ] ] ]
Hormum is located in the Southeast of Syt Island (tide gauge 10 identify storm surge events from the available tidal
location: 544529" N, 84529 E) in the northeastern part high water (HW) time series, a peak over threshold (POT)
of the German Bight. Cuxhaven is located in the Elbe es-method is applied. When forecasting storm surges along the
tuary (tide gauge location: 53204” N, 8°4303" E) in the German North Sea coastline, the Federal Maritime and Hy-
southeastern part of the German Bight. The tidal regime isdrographic Agency (BSH) uses a threshold of 150 cm above
semi-diurnal and the mean tidal ranges for Cuxhaven andnean tidal high water level (MHW) to separate storm surges
Hornum are 2.97 m and 2.05m, respectively (estimated foffom mean conditions (e.g. Wieland, 199@ww.bsh.dg.

the 19-yr period from 1990 to 2008). The tide gauges haveJdnder present conditions, this equals a total water level of
been chosen as they provide long records and they are |@bout 305cmNN for Cuxhaven and of about 253 cmNN for
cated in areas of special interest. Syt Island is the biggesH0rnum (where cmNN stands for cm above Normal Null,
German North Sea island and a popular tourist destinationWhich is the German ordnance datum).

The island hosts valuable monetary and ecological assets To select appropriate thresholds for extreme value analy-
and is very vulnerable to extreme storm surge events. Irses, Coles (2001) proposed two different methods, namely
December 1990, a storm surge evoked by the low pressurthe Stability Method (STM) and Mean Residual Life (MRL)
system “Anatol” caused extensive erosion along major partglots. Both methods have been applied here. In the STM, pa-
of the island’s coastline. The tide gauge of Cuxhaven pro-rameters of a Generalized Pareto distribution (GPD) are fit-
vides the longest record of all German gauges and is used asd to the available (and de-trended) data sets by considering

2 Data
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Fig. 4. Tidal high water (HW) time series for Cuxhaven (left) andrHum (right) with the estimated threshold time series.

different thresholds. Figure 3 (top) shows the results for the
shape parameter of the GPD (left: Cuxhaven, riglitrridim)
with 95 %-confidence bounds included (confidence bounds 35
for Hornum cannot be reliably calculated for large values of
u). An appropriate threshold is assumed where the shape
parameter is approximately constant. As it can be seen, an g 2so
objective interpretation of the results is difficult. For Cux-
haven, the value of 150 cm above MHW appears to be a suit-
able choice, whereas the results fasrHum suggest choos-
ing a slightly smaller value. To create MLR plots, the val-
ues exceeding different thresholdare averaged (see Coles, 74
2001 for more information). Figure 3 (bottom) shows the re- 50 5
sults for Cuxhaven (left) and@tnum (right). An appropriate ‘ | mm® 4.3 RIS
threshold is assumed where the function starts to become ap- ! Number of succassive high tides °
proximately linear. Again, the results are not clear and the in-
terpretation is even more complicated compared to the STMrjg. 5. Number of successive high tides exceeding the selected
Thus, thresholds af =150 cm above MHW for Cuxhaven threshold values.
(equals a total water level of 305 cmNN under current con-
ditions) and ofu = 145 cm above MHW for rnum (equals
a total water level of 248 cmNN) are chosen for the presenthresholds are shown in Fig. 5. In the majority of cases, the
study. Further methods to identify appropriate threshold val-€vents last one or two tidal cycles. Four or five high tides in
ues are described and discussed by Lang et al. (1999). a row have rarely been observed in the past. Thus, three tides
Figure 4 shows the available HW time series for Cuxhaven©f the observed storm surge events (initial tide, main tide,
from 1900 to 2008 (left) and for &tnum from 1936 to 2008  follow-up tide; i.e. 1.5 days) are considered in the following.
(right) and the estimated threshold time series. MHW is de-T0 assure independency, two storm surge events have to be at
fined here as the 10-yr running mean of the observed HW tdéast 30 h apart from each other (referring to the time when
take into account long-term sea level changes. The numbéf® maximum water levels occur). This reduces the number
of threshold exceedances for Cuxhaven is 388 and 232 foff relevant events to 314 for Cuxhaven and 175 férrim.
Hornum, due to the shorter time period that is involved. ~ Prior to 1918 for Cuxahen and 1999 fobkhum, the events
As mentioned previously, it is necessary to take into ac-"ere digitized from the available analogue tidal charts for the

count the temporal evolution of water levels during storm Present study.
surge events in addition to the maximum storm surge wa-

ter levels. Therefore, it is required to define storm surge

scenarios not only in height but also in length or duration.

The numbers of successive high tides exceeding the selected
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Fig. 7. Results from parameterising and reconstructing a selected
storm surge event by applying different interpolation methods to
‘ 19 reconstruct the observed storm surge curve.

. 20 { 21 { 2 | 23 24 PR two adjacent high and low waters. Parameters 1 to 19 repre-
sent sea level heights whereas parameters 20 to 25 are time
Fig. 6. Parameterisation scheme used to paramterise observed storﬁ@rameters. The helg_ht paramete:rs can all be expressed rela-
surge events consisting of thress tides. tive to parameter 10 (i.e. the maximum water level observed
during the storm surge event). This means that parameters 1,
4,7, 13, 16 and 19 (tidal high and low waters) refer to pa-
3  Method rameter 10. Parameter 7, for example, is calculated by sub-
tracting the observed tidal low water level (i.e. the absolute
The method used to stochastically simulate synthetic stornyvater level of parameter 7) from the maximum water level
surge scenarios consists of three computational steps, whichPserved during the storm surge event (i.e. parameter 10).
are described in the following. The parameters surrounding the tidal high and low waters
refer to the particular peak water levels. Parameter 3, for ex-
3.1 Parameterisation of observed storm surge events ample, is calculated by subtracting the water level which has
been observed one hour before the high water (i.e. the ab-
Initially, the observed storm surge events are parameterisegelute water level of parameter 3) from the tidal high water
As outlined in Sect. 1, the total water levels (arising from the [€vel (i-e. the absolute water level of parameter 4).
combination of tides and surges) are taken into account in- For the reconstruction of a storm surge curve based on the
stead of removing the deterministic tidal component before25 parameters, three different methods are tested, namely lin-
parameterising the residual surge component. This proceear interpolation, cubic spline interpolation, and piecewise
dure is justified for the following reasons: (i) parameterisa- cubic hermite interpolation. Figure 7 shows an example of
tion of the surge residuals is much more complex and in-the results from parameterising and reconstructing a selected
creases the uncertainties than parameterising the total watétorm surge event at thedrhum tide gauge. The storm surge
level time series as described below, (ii) the re-combinationwas induced by the extra-tropical cyclone “Tilo” that oc-
of randomly simulated surge curves with the deterministiccurred in November 2007. The quality of the reconstruction
tide requires either independency between the two comporesults, considering the different interpolation methods, is
nents or a detailed understanding of the existing non-lineaevaluated by calculating root mean squared errors (RMSE).
tide-surge interaction in the investigation area. Both are notAs it can be seen in Fig. 7, the estimated RMSEs are simi-
the case for the German Bight. Therefore, the total watedar and all three methods lead to good results for the selected
levels are considered throughout this study, as these are alsform surge event. The smallest RMSE is achieved with the
relevant for coastal managers. piecewise cubic hermite interpolation (also known as cspline;
From sensitivity studies, it was found that a total number€.9. Kahaner et al., 1988). This was confirmed from param-
of 25 parameters is sufficient to capture the main charactereterising and reconstructing all of the other observed storm
istics of a storm surge event consisting of three tides. Fig-surge events (i.e. 314 events for Cuxhaven and 175 events for
ure 6 shows the 25 parameters, which are (i) the tidal highHornum) using the three different interpolation methods.
and low waters of the three tides comprising a storm surge Figure 8 shows the results of the parameterisation and re-
event, (ii) the water levels one hour before and one hour afteconstruction by applying piecewise cubic hermite interpola-
the high and low waters and (iii) the time periods betweention for further storm surge events, four for Cuxhaven (left)
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Fig. 8. Results from parameterising and reconstructing selected storm surge

Hornum (right).
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i—044
Table 1. Distribution functions considered in the present study to PLPGringorten= m (1)

be fitted to the time series resulting from the parameterisation of the ] N ] )
Observed storm Surge events. Whel’e PL%ringorten IS the pI’ObabI“ty that a g'Ven Va|Ue IS

less than theth smallest observation in the data set con-
Distribution Equation sisting of N observations, and is the i-th smallest value
in the data set arranged in ascending order. An overview of
Generalized Pareto  fdrz 0 ., alternative methods to calculate plotting positions is given by
GP(x) =1— (1+ @)T Chow (1964) and Jensen (1985). Most of the methods lead
fork=0 to similar results when large sample sizes are available.
Gp(x)zl_e(*% Figure 9 shows the results from fitting distribution func-
tions to the time series of selected parameters (1, 10, 14

2
~

LogNormal LogNix) = —L f%e—('”;;z“)z dr and 23) for the tide gauges of Cuxhaven (left) ariridim
bv2r g (right). The figure shows the estimated plotting positions and
X —a? the theoretical distribution functions (with 95 %-confidence
Normal N(x) = ﬁ [ e 2 dr levels) leading to the smallest RMSEs. The LogNormal dis-
- tribution, for example, is the most qualified to describe the
Weibull WBL(x)=1—¢(5) available data set for parameter 1 for the tide gauge of Cux-

haven (top, left), while the Normal distribution leads to a
smaller RMSE for the tide gauge ofdthum (top, right). For

. . . parameter 1 (i.e. the difference between the maximum storm
and four for Fornum (right). The applied methodology leads surge water level and the water level of the first tidal low wa-

to good results for all of the selected events. The maximu :
storm surge water levels are usually higher in Cuxhaven conn:t-SeorbSCT‘ﬁ fI(:)Irgi-t?r)rllf%e ;rt\)dsir(\e/te\}/\? e\g;lu3e550r:2ge7ggt\cmmeef2r2(:08;nd
pared to Hhrnum. From visual inspection, it was found that

o . aven. For the important parameter 10, which is the maxi-
similar results have been achieved for the rest of the observe ) : .
: mum storm surge water level (or the highest turning point),
storm surge events considered for the present study. As ) .
o e GPD fits best to the available data sets for both gauges.
result of the parameterisation of all observed storm surge-

. . ! or Cuxhaven, a highest turning point of about 515 cmNN
events, 25 parameter time series are available for the two se- .
represents a 100-yr storm surge event, while a 100-yr event

lected tide gauges. Each of the 25 time series consists Q N .
314 realisations for the tide gauge of Cuxhaven and 175 re-of Hornum has a water level of abo_ut 420 cr_nN.N. F|gure 9
alisations for the tide gauge ofdum. shows that at least one of the considered distribution func-
tions leads to good results for the selected parameter time
3.2 Monte-Carlo-Simulations series. The same is true for the other 21 parameters for both
gauges. An overview of the overall results is provided by
The next step of the stochastic storm surge simulation proFig. 10, where the calculated RMSEs are shown for all pa-
cedure consists of fitting parametric distribution functions to rameters and the tide gauges of Cuxhaven (left) adihtim
the data sets resulting from the parameterisation. The disfright). Only the results for the distribution functions lead-
tribution functions are subsequently used as a basis to run #9 to the smallest RMSEs are shown and the marker types
large number of Monte-Carlo-Simulations. Table 1 containsdenote which type of distribution was identified to fit best to
an overview of the considered distribution functions, widely the available data sets. The RMSE values are between 0.01
used in hydrology. In the equations, parameteienotes o 0.065cm for Cuxhaven and 0.01 to 0.04 cm farklim.
the location parameter (i.e. the threshold parameter for théNo outliers are evident for both of the gauges. The slightly
GPD),b the scale parameter akdhe Shape parameter. The higher values for Cuxhaven may result from the differences
maximum likelihood approach is applied to estimate the pa-in the mean tide curve compared tétdum or from the fact
rameters (see e.g. Rao and Hamed, 2000). that more historical events are considered for Cuxhaven. The
All four distribution functions are fitted to the 25 param- uncertainties in these historical events are larger.
eter data sets available for the two selected tide gauges as aThe fitted theoretical distributions are then used with
result of the parameterisation. The distributions that fit bestMonte-Carlo-Simulations to estimate a large number of val-
to the underlying data sets are identified by calculating theues for each parameter. As a result, each of the parame-
RMSEs of the theoretical non-exceedance probabilities comier data sets no longer consists of 314 or 175 realisations,
pared to the empirical non-exceedance probabilities (i.e. théespectively, but of a much larger number (here 10 million
plotting positions). The latter are determined following the to assure stability for the statistical assessment performed by
approach proposed by Gringorten (1963) (Eq. 1), which was/NVahl et al., 2011b). Existent interdependencies between the

also used by Jensen et al. (2006) for storm surge analyses iparameters are considered by first modelling the observed
the German Bight: interdependencies between the relative sea level parameters

(which are directly or indirectly related to parameter 10) and

www.nat-hazards-earth-syst-sci.net/11/2925/2011/ Nat. Hazards Earth Syst. Sci., 129393611
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parameter 10. Linear regression functions are applied t@l. (personal communication, 2011) estimated a maximum
model the existing dependencies which are evident from thesalue of 513cmNN with the empirical approach (with an
observed storm surge events. The slopes of the regressiamcertainty range from 444 cmNN to 537 cmNN). Again,
functions are then used to adjust the simulated results for théhe higher value of 513 cmNN is considered for the present

relative sea level parameters. study. In summary, simulated storm surge events exceeding
a water level of 651 cmNN at the tide gauge of Cuxhaven are
3.3 Filter functions and model validation removed, as well as simulated storm surge events exceeding

a water level of 513 cmNN at the tide gauge dairdum. All
Before the model is validated, some filter functions are ap-of the other filter functions shown in Table 2 can be denoted
plied to the simulation results. Although the interdependen-as “form filters”, as they contribute to avoiding strong defor-
cies between the sea level parameters are considered withimations of the storm surge curves, but they do not affect the
the Monte-Carlo-Simulations and good results have beerstatistics. The latter is important, as stochastically simulated
achieved from fitting distribution functions to the parame- storm surge events are also considered for statistical analyses
ter time series, some inconsistencies (e.g. strongly deformeds presented by Wahl et al. (2011b).
storm surge curves) occur in the results. A list of the ap- Before the overall simulation results are presented and dis-
plied filter functions with a short description and the con- cussed in the following Sect. 4, the model is validated. This is
sidered threshold values is provided in Table 2. Most ofdone first by comparing observed and simulated dependence
these filters contribute to avoiding strong and implausiblestructures (i.e. rank correlation coefficients) between the con-
deformations of the storm surge curves and most thresholdidered 19 sea level parameters. Figure 11 shows the results
values are empirically calculated based on the observationgor the tide gauges of Cuxhaven (left) andidum (right).
The filter “peak-flatness”, for example, removes simulatedin the upper left triangles of the matrices, the observed inter-
storm surge events where flat lines occur around the peaklependencies are displayed. Kendall’s rank correlatios
water levels (i.e. the water level is constant for at least onewell known non-parametric measure of dependence, is calcu-
hour, which usually does not happen in the German Bightlated for all parameter pairs following Eq. (2) (e.g. Kendall,
area due to the prevailing tidal regime). Most of the fil- 1938; Karmakar and Simonovic, 2009):
ter functions listed in Table 2 do not affect the statistics of 1
the simulation results. The filter function “max. water level” n ;
provides the only exception, as it removes simulated events <2) 2_signf(xi —x;) (v =)} @
where parameter 10 (i.e. the highest turning point) is extraor-
dinary high and is physically implausible under current cli- where sign=1 if [(x; —xj)(y,- —yj)] >0 and sign=—1 if
mate conditions. This may happen within the Monte-Carlo- [ (x; —x;) (yi —y;)] < 0, withi, j =1,2,...,n. For the pairs
Simulations when the asymptote of the distribution function with values forr larger or equal 0.3 [-], the actual calculated
fitted to parameter 10 is very large. To identify the thresh-values forr are shown in the upper left triangles of the ma-
old values for this filter function (651 cmNN for Cuxhaven trices displayed in Fig. 11. For the parameter pairs where the
and 513 cmNN for lBrnum; see Table 2), the highest values values ofr are smaller than 0.3 [], it is assumed that no sig-
derived in former studies based on numerical model runs onificant correlation exists (e.g. Degen and Lohrscheid, 2002)
empirical analyses for the selected investigation areas havand it is not expected that the model captures such weak in-
been examined. For Cuxhaven, Jensen et al. (2006) simuerdependencies. For the parameter pairs for which signif-
lated a storm surge event with a maximum water level oficant correlation is evident from the observations, the val-
651 cmNN, based on a hydrodynamic model, and denotedies fort are calculated based on the simulation results and
this as the highest storm surge being physically possible undisplayed in the lower right triangles of the matrices shown
der current climate conditions and based on the availablén Fig. 11. The relationship between parameter 10 and the
data sets. The estimated uncertainty range is 603 cmNN tother sea level parameters has been used to correct the simu-
672 cmNN. Gnnert et al. (2010) derived a maximum value lation results as described in Sect. 3.2. Hence, all values for
of 610 cmNN for the same tide gauge from empirical stud-t calculated between parameter 10 and the other sea level
ies (within the XtremRisK project). They superimposed the parameters are written in the matrices. For both gauges, no
different storm surge components (i.e. the astronomical tidesignificant interdependencies are evident from the observa-
the surge and the external surge, which is generated in th#ons for most of the parameter pairs. For those pairs where
Atlantic and enters the North Sea) by considering the high-large values ot (i.e.t > 0.3 only significant positive corre-
est values that have been observed in the past, also takidgtion is evident in the data sets) are calculated based on the
into account the non-linear interactions between the differ-observations similar values far are also derived from the
ent components. For the present study, the higher value ofimulation results. Only very few parameter pairs show sig-
651 cmNN is used. The maximum value for the tide gaugenificant correlation in the observed data sets, while almost no
of Hornum derived by Jensen et al. (2006) was 489 cmNNcorrelation is evident from the simulation results (e.g. the pair
(I. Bork, personal communication, 2010), whilé@ert et  (12/13) for Cuxhaven or the pair (&) for Hornum). These

i<j
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Hornum (right) (only the values for the distribution functions with the smallest RMSEs are shown).

Table 2. Filter functions considered for the present study to avoid inconsistencies in the simulation results.

Abbreviation

Description Threshold

max. water level

surrounding peaks

peak-flatness

peak-steepness

peak-skewness

tidal range

low water evolution

exceedance of the maximum storr@uxhaven: 651 cmNN

surge water level currently consideredHornum: 513 cmNN
physically possible

first and third tide are higher than seGuxhaven: 0cm
ond tide HOrnum: Ocm

difference of the water level one howuxhaven: 1cm
before/after a peak (high or low water)Hornum: 1 cm
and the peak water level itself is very
small (i.e. almost a flat line)

difference of the water level one hoGuxhaven: 112 cm*
before/after a peak (high or low water)Hornum: 59 cm*
and the peak water level itself is very
large

water level one hour before a pe&uxhaven: 98 cm*
shows a much larger/smaller differenceHornum: 44 cm*
compared to the peak water level than
the water level one hour after the peak

Cuxhaven: 8 cm*
Hoérnum: 25 cm*

tidal range is very small

second low water is smaller than th€uxhaven: Ocm
first low water or third low water is Hornum: Ocm
smaller than fourth low water

* Threshold values were empirically calculated based on the available observations.
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Fig. 11. Rank correlation matrices for the 19 sea level parameters from the observations (upper left triangles) and the simulation results
(lower right triangles) for the tide gauges of Cuxhaven (left) aridridm (right). The values for between parameter 10 and all other
parameters are written as numbers, as these relationships are considered to account for interdependencies as described in the text.
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Fig. 12. Comparison of selected simulated storm surges with “reference” storm surges from former studies (left: Cuxhaverigrright).H

small differences in the rank correlation matrices do not af-has been chosen for Cuxhaven (Fig. 12, left) is the outcome
fect the overall simulation results. of a three year research project aimed at determining the
highest storm surge water levels that are physically plausi-

A second stage of validation was undertaken. This in-ble and may occur along the German North Sea coastline
volved comparing selected storm surge events from theunder current climate conditions (see Jensen et al., 2006). A
stochastic simulation with “reference storm surges”. Theserange of extreme (but physically consistent) weather condi-
reference events are the outcome of former studies focussingjons were considered to force a hydrodynamic model. The
on the same investigation areas, whereas hydrodynamistorm surge event, which is used here as a reference event,
models and empirical approaches were used to derive exwas the highest one derived. From Fig. 12 (left), it is ob-
treme storm surge events. Figure 12 shows the results fovious that the selected stochastically simulated storm surge
Cuxhaven (left) and Brnum (right). The reference storm curves are very similar to the reference event. Only the peak
surges shown in the figure have previously been consideredater levels of the initial tides are slightly smaller in the sim-
for the filter function “max. water level” (see Table 2). These ulations compared to the reference storm surge. This is due
storm surges are compared to 10 selected storm surge everits the fact that the second tidal low water (i.e. the absolute
from the simulation results. The reference storm surge that
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Sea level calculation of potential losses in the hinterland. Therefore,
A the additional parameter “intensity” is introduced in Fig. 13
(in Germany this parameter is also known as “fullness”). The
intensity of a storm surge represents the area between the ob-
served storm surge water level and a given threshold (here:
f(x) the German ordnance datum NN, which nowadays is approx-
/ imately 15 cma.m.s.l. height). Therefore, it serves as a proxy
for the energy input into the existing coastal defence struc-
tures during storm surge events. The combined analysis of
NN the two storm surge paramete§sand F firstly allows for
J . presenting the overall simulation results and secondly, the
f characteristic of a storm surge curve is well represented by
these two parameters. Thus, Wahl et al. (2011b) present a
v Titti6 multivariate statistical approach to consider these two param-
ts t2 eters also for the statistical assessment of storm surge events
within risk analyses.
Fig. 13. Definition of the storm surge intensity as considered forthe  The stochastic simulation results are shown in Fig. 14 for
present study. Cuxhaven (top) and étnum (bottom) (the unit of the inten-
sity was divided by 1000 for plotting purposes). In both
subplots, the observed storm surge events, represented by
water level of parameter 7) is very high compared to thethe parameters and F and shown as black dots, are en-
first high water (i.e. the absolute water level of parameter 4)closed by the simulation results shown as grey dots. Both
in the reference storm surge. This is not typical for stormdata sets (i.e. observed and simulated) show a similar struc-
surges in Cuxhaven and thus only a few events showing thigure of dependence. One million of the simulated events are
phenomenon are available from the simulated results. Furshown in the figure for presenting purposes. Envelopes from
thermore, the selected reference storm surges (for Cuxhaveall 10 million simulated events are also displayed. For both
as well as for rnum) are very extreme events and hence,gauges, none of the observed events exceeds the estimated
only few storm surges with similar highest turning points envelopes and the rank correlation (Kendatljsis found to
(i.e. parameter 10) are simulated. The reference event fope r = 0.43[—] for the observations (for both gauges) and
Hornum is the result of extensive empirical analyses recently; = 0.44[—] and r = 0.45[—] for the simulation results for
conducted by @nnert et al. (2010 and personal communica- Cuxhaven and Brnum, respectively. This highlights that the
tion). Different surge components were analysed separatelgtochastic storm surge model leads to reasonable results.
and superimposed (by considering the non-linear interaction) The generated data sets may be used for various future ap-
to construct extreme storm surge events. Figure 12 (rightplications, as for example, as a basis for statistical assess-
shows that the character of the reference storm surge evemtents as presented by Wahl et al. (2011b). Selected storm
is fully resolved by the 10 stochastically simulated storm surge scenarios, as shown in Fig. 14 (right), can directly be
surges. Overall, the findings from the model validation pre-considered as input data for integrated risk analyses, con-
sented in Figs. 11 and 12 highlight that the applied method-ributing to a reliable approximation of a risk curve as shown
ology to stochastically simulate storm surge scenarios leads Fig. 2 (left). The simulated storm surge scenarios dis-
to reasonable and reliable results compared to other methodsiayed in Fig. 14 (right) all have the same “highest turning
(e.g. hydrodynamic modelling or empirical studies) that canpoints” for the particular tide gauges, while having signifi-
be used to derive storm surge scenarios. cantly different “intensities”. This also affects the potential
damages along the coastal defence line and in the hinterland;
it could be expected that the estimated losses caused by the
4 Results and discussion selected storm surge events are considerably different. As
each of the grey dots in the figure represents a storm surge
To present the overall results from the stochastic storm surgevent which is available as a time series with a 1-min resolu-
simulation (i.e. 10 mio. synthetic and high frequency stormtion, it is easily possible to extract a large number of scenar-
surge scenarios), the two important storm surge parameteries showing different characteristics and being relevant for
“highest turning point” §) and “intensity” () are takeninto  a risk analysis at the same time (see also Fig. 2). By ap-
account. The parameter ‘highest turning point’ representlying the stochastic model it is possible to provide accurate
the maximum water level during a storm surge event. As de-hydrodynamic boundary conditions for risk assessments in
scribed in Sect. 1, taking only this parameter into accountcoastal areas. Considering the stochastic model in combina-
is not sufficient for risk analyses where the complete stormtion with few numerical model runs or empirical analyses im-
surge curve has to be considered for e.g. breach modelling goroves the accuracy of the overall results while the required
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Fig. 14. Results from simulating 10 million storm surges, represented by the parameters “highest turning point” and “intensity” for the tide
gauges of Cuxhaven (top) andkhum (bottom) and selected high resolution and stochastically simulated storm surge curves (right).

computation time is relatively short. High frequency storm 5 Conclusions
surge curves (at least hourly sea level observations) represent

the on_Iy input _data required to run the moc_jel. In addition, In this paper, a stochastic storm surge model which simu-
some information about the physically possible extreme way,te5 4 'large number of storm surge scenarios is described

ter levels (under current climate conditions) should be taken, yetail. The storm surge scenarios may be used as input

into account. The model also allows the consideration of pOSata for various practical and research-oriented applications.

sible future sea level changes within the simulations. The most important steps of the stochastic simulation con-
sist in: (i) parameterising the observed events, (ii) fitting
parametric distributions functions to the resulting parame-
ter time series, and (i) applying empirical filter functions
(see Sect. 3). The methodology leads to reliable results and is
at the same time very cheap in computation time, compared
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