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Kurzfassung 

Genaue Vorhersagen der Sturmflut sind von entscheidender Bedeutung für viele Küstengebiete. Dies 

gilt umso mehr, da mit weiterem zunehmendem Nutzungsdruck auf die Küstengebiete, die bereits 

heute stark besiedelt sind und beträchtliche Sachwerte aufweisen, die Schäden durch extreme 

Sturmfluten sehr hoch sein können. Vor allem entlang der Nordseeküste werden zuverlässige 

Sturmflutvorhersagen benötigt, da ein Großteil der Küstengebiete nicht nur unter dem Meeresspiegel 

liegt, sondern auch häufigen Stürmen ausgesetzt ist. Der Beitrag der Wechselwirkungen zwischen den 

verschiedenen Sturmflutkomponenten zum resultierenden Extremwasserstand ist noch nahezu 

vollständig unbekannt, da die Wechselwirkungen in der Regel nicht-linear und nicht-stationär sind. 

Derzeit kann die Natur dieser nicht-linearen Wechselwirkungen und deren Beitrag zur 

Extremsturmflut noch nicht durch herkömmliche numerische hydrodynamische oder statistische 

Modelle allein gelöst werden. Alternativ wird ein pragmatischer datengesteuerten Ansatz 

vorgeschlagen, beispielhaft für Cuxhaven und Sylt, der die Vorhersagen des CFD-Modells 

TELEMAC und die nichtlinearen autoregressive Inputs mit exogenen wiederkehrenden neuronalen 

Netzen (NARX) in einem Hybridmodell kombiniert. Das Hybridmodell TELEMAC –NARX 

ermöglicht, den Beitrag der nichtlinearen Wechselwirkungen zwischen den Sturmflutkomponenten 

implizit zu bestimmen. Dadurch wird auch ermöglicht, die Korrektur der oft beträchtlichen Fehler der 

Ergebnisse der CFD-Modelle hinsichtlich Höhe und Eintrittszeit der Wasserstände zu korrigieren. Die 

Vorhersage des Hybridmodells wird durch die beobachteten Wasserstände von 1999 bis 2007 in 

Cuxhaven und Sylt validiert. Im Durchschnitt ergeben sich für die Ergebnisse des  Hybridmodells an 

beiden Standorten eine Wurzel des mittleren quadratischen Fehlers (RMSE) von 0,14 m und ein 

Korrelationskoeffizient von 0,99. Der maximale Beitrag der nichtlinearen Wechselwirkung (η
NL

)max 

bei Cuxhaven, die 21% der höchsten Sturmflut ((η
all

)max = 7,21 m NN) aller in 1991 bis 2007 

eingetretenen Extremsturmfluten erreicht, ist niedriger als der Beitrag bei Sylt mit 25,80% bezogen 

auf die höchste ((η
all

)max = 5,66 m NN) der Extremsturmfluten im gleichen Zeitraum. In den meisten 

extremen Sturmflutereignissen dieser Studie führte die Berücksichtigung der nicht linearen 

Wechselwirkungen der Sturmflutkomponenten zu niedrigeren Sturmflutwasserständen als die, die aus 

der linearen Überlagerung der Komponenten resultierten. Jedoch, unter bestimmten Bedingungen, 

führten die nicht linearen Wechselwirkungen zu höheren Sturmfluten als die lineare Überlagerung 

(z.B. Sturmflut vom Januar 2000 bei Cuxhaven und Sylt). 

Zusätzlich zum mittleren Meeresspiegelanstieg könnte sich die Bedrohung durch extreme Sturmfluten 

infolge veränderter Stürme als einer der dramatischsten Auswirkungen des Klimawandels erweisen. 

Die zeitlichen Änderungen der Signale des Klimawandels hinsichtlich der Sturmfluten für das 

Emissionsszenario A1B 2070-2100 in Cuxhaven und Sylt, werden anhand des neuen Hybridmodells 

eingeschätzt. Die Erhöhung der extremen Sturmfluten infolge des Klimawandels ist von Bedeutung 

für die Deutsche Bucht und die niederländische Küste, jedoch mit einer beträchtlichen Abnahme für 

die Mitte der Nordsee und entlang der britischen Ostküste. Die maximale Sturmfluten für das A1B-

Szenario bei Cuxhaven und Sylt sind höher als die maximalen Sturmfluten ((ηEFN)max) an beiden 

Standorten von 1991 bis 2007, mit jeweils 0,19 m (4,8%) für Cuxhaven und 0,54 m (17,9%) für Sylt. 

Die künftige Zunahme der Häufigkeit extremer Sturmfluten allein wäre für viele Küstenanlagen 

unbedeutend. Dies ist jedoch nicht der Fall für die Zunahme der Höhe und Dauer der Sturmfluten, die 

zu einer Reduzierung der Sicherheit der Anlagen führen würden. 

 



 

 

Abstract 

Accurate predictions of storm-tide are of vital importance for many coastal areas. Especially 

with further increasing pressure on the coastal areas, already with a high population density 

and highly valuable assets, the costs of extreme storm-tide damage can be very high. Particu-

larly along North Sea coasts, reliable storm-tide predictions are of crucial importance as a 

large portion of the coastal zones is not only below mean sea level but also characterized by 

frequent storms. The contribution of the mutual interactions between the various storm-tide 

components to the resulting extreme water level is still almost fully unknown as these interac-

tions are generally nonlinear and non-stationary. Currently, the nature of these mutual nonlin-

ear interactions and their contributions to the extreme storm-tide cannot yet be solved by con-

ventional hydrodynamic models or statistical models alone. Alternatively, a pragmatic data-

driven approach is proposed and exemplarily implemented in Cuxhaven and Sylt, which 

combines the predictions of hydrodynamic model (TELEMAC) and nonlinear autoregressive 

with exogenous input (NARX) recurrent neural networks model.  This approach, called hy-

brid TELEMAC-NARX model, can implicitly account for the nonlinear interactions among 

all storm-tide components. This enables the substantial errors in both magnitude and timing of 

the results predicted by the hydrodynamic model to be corrected. The prediction of the hybrid 

model is validated using the observed water level (1999-2007) at Cuxhaven and Sylt, the av-

erage performance of the hybrid models at both sites has a root mean square error of 0.14 m 

and a correlation coefficient of 0.99. The maximum effect of the nonlinear interaction 

(η
NL

)max at Cuxhaven, which reaches 21% from the highest physical limit of extreme storm-

tide (1991-2007) (η
all

)max =7.21 m NN, is lower than its counterpart of 25.80%  from (η
all

)max 

=5.66 m NN at Sylt. In the most extreme storm-tide events considered in this study, the con-

tribution of the nonlinear interaction resulted in smaller extreme water levels than those ob-

tained through linear superposition of extreme storm-tide components. However, under cer-

tain conditions, the nonlinear interactions might result in higher storm-tides than those result-

ing from the linear superposition (e.g. storm of January 2000 at Cuxhaven and Sylt). 

As one of the most dramatic impacts of climate change in addition to the increase of mean sea 

level rise, the threat by extreme storm-tides might increase mainly due to the change in wind 

climate under emission scenario (A1B 2070-2100). The increase of the magnitude of the ex-

treme surge-tide due to climate change is significant for the German Bight and the Nether-

lands coasts, while it decreases significantly for the middle of the North Sea and along the UK 

east coast. The temporal variations of the climate change signals for storm-tide at the two pi-

lot sites, Cuxhaven and Sylt, are assessed using the new hybrid model. The maximum storm-

tide under the A1B scenario at Cuxhaven and Sylt are higher than the maximum of storm-tide 

((η
EFN

)max) at both sites in (1991-2007) by 0.19 m (4.8 %) and 0.54 m (17.9 %), respectively. 

The future increase in frequency of extreme storm-tide events alone, which is not significant, 

would be less relevant for many coastal facilities whereas the increase in duration and/or 

magnitude of extreme events (both are significant) could decrease their safety. 
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ω  rad/s angular velocity of the Earth 

ωn Hz frequency of the tidal constituent 

𝐻𝑖  - number of hidden layer’s neurons in the NARX network  

𝑓()  - the activation function of the artificial neuron 

   

𝑑_𝑤𝑆
𝑥(≥ 99)  hour extreme wind duration (wind speed > annual 99% percentile) at  

mesh point x that is either Cuxhaven or Sylt under  s conditions, 

which is  hindcast or control meteorological conditions 1991-2000 

𝑑𝐴1𝐵_2
𝑥 (≥ 99.5)  hour climate change signal of mean duration for extreme surge-tide events 

as difference between the mean value 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) in the climate 

change simulation (A1B_2) and the corresponding mean value 

𝑑𝐶20_2
𝑥 (≥ 99.5) from the control simulation (C20_2) 

𝑑𝐶20_2
𝑥 (≥ 99.5)  hour bias signal of mean duration for extreme surge-tide events as the 

difference between the mean value 𝑑𝐶20_2
𝑥 (≥ 99.5) in the control 

simulation (C20_2) and the corresponding mean value 𝑑𝐻20
𝑥 (≥ 99.5) 

from the hindcast simulation (H20) 

𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5)  hour climate change signal of mean duration for extreme storm-tide events 

as difference between the mean value 𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) in the climate 

change simulation (A1B_2) and the corresponding mean value 

𝑑𝑠𝐶20_2
𝑥 (≥ 99.5) from the control simulation (C20_2) 

𝑑𝑠𝐶20_2
𝑥 (≥ 99.5)  hour bias signal of mean duration for extreme storm-tide events as the 

difference between the mean value 𝑑𝑠𝐶20_2
𝑥 (≥ 99.5) in the control 

simulation (C20_2) and the corresponding mean value 𝑑𝑠𝐻20
𝑥 (≥

99.5) from the hindcast simulation (H20) 

𝑓𝐴1𝐵_2
𝑥 (≥ 99.5)  event/year climate change signal of mean frequency for extreme surge-tide 

events as difference between the mean value 𝑓𝐴1𝐵_2
𝑥 (≥ 99.5) in the 

climate change simulation (A1B_2) and the corresponding mean 

value 𝑓𝐴1𝐵_2
𝑥 (≥ 99.5) from the control simulation (C20_2) 

𝑓𝐶20_2
𝑥 (≥ 99.5)  event/year bias signal of mean frequency for extreme surge-tide events as the 
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difference between the mean value 𝑓𝐶20_2
𝑥 (≥ 99.5) in the control 

simulation (C20_2) and the corresponding mean value or 𝑓𝐻20
𝑥 (≥

99.5) from the hindcast simulation (H20) 

𝑓𝑠𝐴1𝐵_2
𝑥 (≥ 99.5)  event/year climate change signal of mean frequency for extreme storm-tide 

events as difference between the mean value 𝑓𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) in the 

climate change simulation (A1B_2) and the corresponding mean 

value 𝑓𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) from the control simulation (C20_2) 

𝑓𝑠𝐶20_2
𝑥 (≥ 99.5)  event/year bias signal of mean frequency for extreme storm-tide events as the 

difference between the mean value 𝑓𝑠𝐶20_2
𝑥 (≥ 99.5) in the control 

simulation (C20_2) and the corresponding mean value or 𝑓𝑠𝐻20
𝑥 (≥

99.5) from the hindcast simulation (H20) 

𝑠𝐶20_2
𝑥 (99.5)  m bias signal of storm-tide as difference between 𝑃𝑠𝐶20_2

𝑥 (99.5) in the 

control simulation (C20_2) and the corresponding mean value 

𝑃𝑠𝐻20
𝑥 (99.5) from the hindcast simulation (H20) 

𝑠𝑥(99.5)  m climate change signal of storm-tide as difference between the mean 

value 𝑃𝑠𝐴1𝐵_2
𝑥 (99.5) in the climate change simulation (A1B_2) and 

the corresponding mean value 𝑃𝑠𝐶20_2
𝑥 (99.5) from the control simu-

lation (C20_2) at mesh point x that represents either Cuxhaven or 

Sylt 

[𝑃𝑠𝐴1𝐵_2
𝑥 (99.5)]𝑚𝑎𝑥  m highest effect by 99.5

th
 percentile of mean annual storm-tide at each 

of Cuxhaven and Sylt under future realization (A1B_2), including 

[𝑅𝑀𝑆𝐿]𝑚𝑎𝑥 

PA1B_2
x (99.5) m mean of PA1B_2

xn (99.5) 

PA1B_2
xn (99.5) m annual 99.5th percentile of surge-tide under future meteorological 

condition (A1B_2) for years n= 2070-2100 at every mesh point x in 

the North Sea model 

PC20_2
x (99.5) m mean of PC20_2

xn (99.5) 

PC20_2
xn (99.5) m annual 99.5th percentile of surge-tide under control meteorological 

condition (C20_2) for years n= 1970-2000 at every mesh point x in 

the North Sea model 

PH20
x (99.5) m mean of PH20

xn (99.5) 

PH20
xn (99.5) m annual 99.5th percentile of surge-tide under hindcast meteorological 

condition (H20) for years n= 1970-2000 at every mesh point x in the 

North Sea model 

PsA1B_2
x (99.5) m mean of PsA1B_2

xn (99.5) 

PsA1B_2
xn (99.5) m annual 99.5th percentile of storm-tide under future meteorological 

condition (A1B_2) for years n= 2070-2100 at mesh point x that rep-

resents either Cuxhaven or Sylt 

PsC20_2
x (99.5) m mean of PsC20_2

xn (99.5) 

PsC20_2
xn (99.5) m annual 99.5th percentile of storm-tide under control meteorological 

condition (C20_2) for years n= 1991-2000 at mesh point x that repre-

sents either Cuxhaven or Sylt 

PsH20
x (99.5) m mean of PsH20

xn (99.5) 

PsH20
xn (99.5) m annual 99.5th percentile of storm-tide under hindcast meteorological 

condition (H20) for years n= 1991-2000 at mesh point x that repre-

sents either Cuxhaven or Sylt 

Pss
x(99.5) m mean of Pss

xn(99.5) 

PsS
xn(99.5) m annual 99.5

th
 percentile of storm-tide where S  is either hindcast, 

control or future meteorological conditions (H20, C20_2 or A1B_2, 

respectively) for years n= 1991-2000 (H20 and C20) or 2070-2100, 

respectively, at mesh point x that represents either Cuxhaven or Sylt 
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Ps
x(99.5) m mean of Ps

xn(99.5) 

PS
xn(99.5) m annual 99.5

th
 percentile of surge-tide where S  is either hindcast, 

control or future meteorological conditions (H20, C20_2 or A1B_2, 

respectively) for years n= 1970-2000 (H20 and C20) or 2070-2100, 

respectively, at every mesh point x in the North Sea model 

𝐶𝐼𝑑
𝑥(≥ 99.5)  hour confidence interval for the mean duration dH20

x (≥ 99.5) at every 

mesh point x with a statistical significance level of 95% using stu-

dent’s t test 

𝐶𝐼𝑓
𝑥(≥ 99.5)  event/year confidence interval for the mean frequency  

𝑓𝐻20
𝑥 (≥ 99.5) at every mesh point x with a statistical significance 

level of 95% using student’s t test 

𝐶𝐼𝑠𝑑
𝑥(≥ 99.5)  hour confidence interval for the mean duration dsH20

x (≥ 99.5) at every 

mesh point x with a statistical significance level of 95% using stu-

dent’s t test 

𝐶𝐼𝑠𝑓
𝑥(≥ 99.5)  event/year confidence interval for the mean frequency  

𝑓𝑠𝐻20
𝑥 (≥ 99.5) at every mesh point x with a statistical significance 

level of 95% using student’s t test 

𝐶𝐼𝑠𝑥(99.5)  m confidence interval for the mean of PsH20
xn (99.5) at every mesh point 

x with a statistical significance level of 95% using student’s t test 

𝐶𝐼𝑥(99.5)  m confidence interval for the mean of PH20
xn (99.5) at every mesh point x 

with a statistical significance level of 95% using student’s t test 

𝑑𝐴1𝐵_2
𝑥 (≥ 99.5)  hour mean of 𝑑𝐴1𝐵_2

𝑥𝑛 (≥ 99.5)  

𝑑𝐴1𝐵_2
𝑥𝑛 (≥ 99.5)  hour annual duration of extreme surge-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

future meteorological condition (A1B_2) for years n= 2070-2100 at 

every mesh point x in the North Sea model 

𝑑𝐶20_2
𝑥 (≥ 99.5)  hour mean of 𝑑𝐶20_2

𝑥𝑛 (≥ 99.5)  

𝑑𝐶20_2
𝑥𝑛 (≥ 99.5)  hour annual duration of extreme surge-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

control meteorological condition (C20_2) for years n= 1970-2000 at 

every mesh point x in the North Sea model 

𝑑𝐻20
𝑥 (≥ 99.5)  hour mean of 𝑑𝐻20

𝑥𝑛 (≥ 99.5)  

𝑑𝐻20
𝑥𝑛 (≥ 99.5)  hour annual duration of extreme surge-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

hindcast meteorological condition (H20) for years n= 1970-2000 at 

every mesh point x in the North Sea model 

𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5)  hour mean of 𝑑𝑠𝐴1𝐵_2

𝑥𝑛 (≥ 99.5)  

𝑑𝑠𝐴1𝐵_2
𝑥𝑛 (≥ 99.5)  hour annual duration of extreme storm-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

future meteorological condition (A1B_2) for years n= 1991-2000 at 

mesh point x that represents either Cuxhaven or Sylt 

𝑑𝑠𝐶20_2
𝑥 (≥ 99.5)  hour mean of 𝑑𝑠𝐶20_2

𝑥𝑛 (≥ 99.5)  

𝑑𝑠𝐶20_2
𝑥𝑛 (≥ 99.5)  hour annual duration of extreme storm-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

control meteorological condition (C20_2) for years n= 1991-2000 at 

mesh point x that represents either Cuxhaven or Sylt 

𝑑𝑠𝐻20
𝑥 (≥ 99.5)  hour mean of 𝑑𝑠𝐻20

𝑥𝑛 (≥ 99.5)  

𝑑𝑠𝐻20
𝑥𝑛 (≥ 99.5)  hour annual duration of extreme storm-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

hindcast meteorological condition (H20) for years n= 1991-2000 at 

mesh point x that represents either Cuxhaven or Sylt 

𝑓𝐴1𝐵_2
𝑥 (≥ 99.5)  event/year mean of 𝑓𝐴1𝐵_2

𝑥𝑛 (≥ 99.5) 
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𝑓𝐴1𝐵_2
𝑥𝑛 (≥ 99.5)  event/year annual frequency of extreme surge-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

future meteorological condition (A1B_2) for years n= 2070-2100 at 

every mesh point x in the North Sea model 

𝑓𝐶20_2
𝑥 (≥ 99.5)  event/year mean of 𝑓𝐶20_2

𝑥𝑛 (≥ 99.5) 

𝑓𝐶20_2
𝑥𝑛 (≥ 99.5)  event/year annual frequency of extreme surge-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

control meteorological condition (C20_2) for years n= 1970-2000 at 

every mesh point x in the North Sea model 

𝑓𝐻20
𝑥 (≥ 99.5)  event/year mean of 𝑓𝐻20

𝑥𝑛 (≥ 99.5) 

𝑓𝐻20
𝑥𝑛 (≥ 99.5)  event/year annual frequency of extreme surge-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

hindcast meteorological condition (H20) for years n= 1970-2000 at 

every mesh point x in the North Sea model 

𝑓𝑠𝐴1𝐵_2
𝑥 (≥ 99.5)  event/year mean of 𝑓𝑠𝐴1𝐵_2

𝑥𝑛 (≥ 99.5) 

𝑓𝑠𝐴1𝐵_2
𝑥𝑛 (≥ 99.5)  event/year annual frequency of extreme storm-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

future meteorological condition (A1B_2) for years n= 1991-2000 at 

mesh point x that represents either Cuxhaven or Sylt 

𝑓𝑠𝐶20_2
𝑥 (≥ 99.5)  event/year mean of 𝑓𝑠𝐶20_2

𝑥𝑛 (≥ 99.5) 

𝑓𝑠𝐶20_2
𝑥𝑛 (≥ 99.5) event/year annual frequency of extreme storm-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

control meteorological condition (C20_2) for years n= 1991-2000 at 

mesh point x that represents either Cuxhaven or Sylt 

𝑓𝑠𝐻20
𝑥 (≥ 99.5) event/year mean of 𝑓𝑠𝐻20

𝑥𝑛 (≥ 99.5) 

𝑓𝑠𝐻20
𝑥𝑛 (≥ 99.5)  event/year annual frequency of extreme storm-tide events, which exceed annual 

99.5th percentile and cover one or more hourly intervals,  under 

hindcast meteorological condition (H20) for years n= 1991-2000 at 

mesh point x that represents either Cuxhaven or Sylt 

𝑠𝐶20_2
𝑥 (100)  m bias signal of storm-tide as difference between the mean value 

𝑃𝑠𝐶20_2
𝑥 (100) in the control simulation (C20_2) and the correspond-

ing mean value  PsH20
x (100) from the hindcast simulation (H20) 

𝑠𝑥(100)  m climate change signal of storm-tide as difference between the mean 

value  𝑃𝑠𝐴1𝐵_2
𝑥 (100) in the climate change simulation (A1B_2) and 

the corresponding mean value  𝑃𝑠𝐶20_2
𝑥 (100) from the control simu-

lation (C20_2) at mesh point x that represents either Cuxhaven or 

Sylt 

[𝑠𝑥(100)]𝑚𝑎𝑥  m The highest increase of sx(100) at Cuxhaven and Sylt 

[𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥  m highest effect by maximum percentile of mean annual storm-tide at 

each of Cuxhaven and Sylt under future realization (A1B_2), includ-

ing [𝑅𝑀𝑆𝐿]𝑚𝑎𝑥 

PA1B_2
x (100) m mean of PA1B_2

xn (100) 

PA1B_2
xn (100) m annual maximum percentile of surge-tide under future meteorological 

condition (A1B_2) for years n= 2070-2100 at every mesh point x in 

the North Sea model 

PC20_2
x (100) m mean of PC20_2

xn (100) 

PC20_2
xn (100) m annual maximum percentile of surge-tide under control meteorologi-

cal condition (C20_2) for years n= 1970-2000 at every mesh point x 

in the North Sea model 

PC20_2
xn (100) m annual maximum percentile of storm-tide under control meteorologi-

cal condition (C20_2) for years n= 1991-2000 at mesh point x that 
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represents either Cuxhaven or Sylt 

PH20
x (100) m mean of PH20

xn (100) 

PH20
xn (100) m annual maximum percentile of surge-tide under hindcast meteorolog-

ical condition (H20) for years n= 1970-2000 at every mesh point x in 

the North Sea model 

PsA1B_2
x (100) m mean of PsA1B_2

xn (100) 

PsA1B_2
xn (100) m annual maximum percentile of storm-tide under future meteorologi-

cal condition (A1B_2) for years n= 2070-2100 at mesh point x that 

represents either Cuxhaven or Sylt 

PsC20_2
x (100) m mean of PsC20_2

xn (100) 

PsH20
x (100) m mean of PsH20

xn (100) 

PsH20
xn (100) m annual maximum percentile of storm-tide under hindcast meteorolog-

ical condition (H20) for years n= 1991-2000 at mesh point x that 

represents either Cuxhaven or Sylt 

Pss
x(100) m mean of Pss

xn(100) 

PsS
xn(100) m annual 100

th
 percentile of storm-tide where S  is either hindcast, con-

trol or future meteorological conditions (H20, C20_2 or A1B_2, 

respectively) for years n= 1991-2000 (H20 and C20) or 2070-2100, 

respectively, at mesh point x that represents either Cuxhaven or Sylt 

Ps
x(100) m mean of Ps

xn(100) 

PS
xn(100) m annual 100

th
 percentile of surge-tide where S  is either hindcast, con-

trol or future meteorological conditions (H20, C20_2 or A1B_2, 

respectively) for years n= 1970-2000 (H20 and C20) or 2070-2100, 

respectively, at every mesh point x in the North Sea model 

𝐶𝐼𝑠𝑥(100)  m confidence interval for the mean of PsH20
xn (100) at every mesh point 

x with a statistical significance level of 95% using student’s t test 

𝐶𝐼𝑥(100)  m confidence interval for the mean of PH20
xn (100) at every mesh point x 

with a statistical significance level of 95% using student’s t test 
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Abbreviations 

AN The artificial neuron 

ANNs Artificial  Neural Networks 

BAW  Federal Waterways Engineering and Research Institute.  

BER bed elevation range 

BODC British Oceanographic Data Centre 

BPN back-propagation neural network 

DDM  Data-driven modelling 

EFN ensemble fitting neural network 

EPSPs excitatory or positive postsynaptic potential 

FE Finite element 

GCMs General circulation climate models 

GUI Graphical user interface 

HZG Helmholtz-Zentrum Geesthacht 

LNHE Labouratoire National d'Hydraulique et Environment 

LWI Leichtweiß-Institute for Hydraulic Engineering and Water Resources 

MHW Mean High Water 

MLP multilayer perceptron 

MSE Mean Square Error 

MWL mean water level 

NARX Nonlinear Autoregressive with eXogeneous inputs neural network 

NCEP National Centers for Environmental Prediction 

NHN Normalhöhennull 

NN Normal Null 

PSP postsynaptic potential 

RCMs Regional climate models 

RMSE root mean square of error 

RMSE Root Mean Square Error 

RMSLr Relative Mean Sea Level rise 

RMStp Root Mean Square error of turning points 

RMSts Root Mean Square Error of time series 

SANN STATISTICA Automated Neural Networks 

SI Scatter Index 

SLP sea level Pressure 

SWL still water level 

TDL time delay line block 

TLU Threshold Logic Unit proposed by mcculloch & Pitts, (1943) 
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1 Introduction 

1.1 Motivation 

Settlements in coastal lowlands are especially vulnerable to storm surges, tides and waves 

associated with climate change and sea level rise. However, these lowlands are often densely 

settled and the population living there is growing rapidly. Furthermore, the value of the 

coastal ecosystems represents almost 40% of the value of all marine and terrestrial ecosystems 

(Oumeraci, 2000). An area of about 40.000 km² along the North Sea coast encompasses 

coastal lowlands, home to more than 16 million people and major economic activities (Hof-

stede, 2004). During extreme storm-tides, large areas of flood-prone coastal lowlands can be, 

and have been, flooded (Woth, 2006), causing loss of life and property. One of the most cata-

strophic events in the North Sea occurred on February 1962; at Hamburg >300 people lost 

their lives and damages of 1.6 billion EUR (Brönnimann et al., 2013), when the coastlines of 

the southern part of the North Sea were hit by a severe storm-tide. Due to the particular wind 

direction and to the coincidence of the storm surge with the astronomical spring tide (even if 

not the highest of the month), water levels exceeded any value previously observed (5.7 m 

above mean sea level at Hamburg (Brönnimann et al., 2013)). Moreover, the maximum of the 

storm-tide from February 1962 had an additional portion of 90 cm for parts of the German 

Bight, coming as a long external surge wave from the Atlantic (Woth, 2006), resulting in that 

disastrous flood. Nevertheless, the negative extreme storm-tides are less well documented but, 

these events pose a severe threat to the navigation of large vessels in shallow water and may 

have an effect on sediment transport (Burlace, 1986).  

 

Figure 1.1: Broken dyke after the storm surge in Hamburg in February 1962. Source: Hamburger Morgenpost, 

reprinted with permission (Brönnimann et al., 2013). 
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The tremendous increase in offshore and onshore activities requires the development of im-

proved modelling techniques for the prediction and hindcast of extreme storm-tide during 

storms. Reliable prediction of extreme storm-tides is vital for the life cycle design and man-

agement of coastal, harbour and offshore structures. Moreover, it is uncertain whether nature 

has enough time to “implement” the worst physical combinations of all components for the 

generation of the most extreme events (“perfect storm-tide”). The prediction of extreme 

storm-tide is a very complex engineering problem including diverse components, such as 

storm surge, tides, waves, coastal topography and in estuarine zones also river discharge. 

These components are well understood but not or not completely and properly taken into ac-

count by the existing prediction models for storm-tide, even by assuming that a good bathym-

etry and wind forcing are available. The greatest difficulties towards the determination of “the 

maximum physically possible storm-tide” essentially arise from the fact that the nonlinear 

interactions between the various components (Chen, Liu, & Hsu, 2012; DERM , 2009; 

Higaki, Hayashibara, & Nozaki, 2009; Horsburgh & Wilson, 2007; Prandle & Wolf, 1978; 

Wolf, 2009) are still unknown. Despite the now routine approaches of linking the tide and 

surge components in present operational storm-tide models and the substantial progress in 

recent research of air-sea interactions and on the coupling of surge and wind-wave models, a 

proper process-based coupling of all components will certainly take decades to be implement-

ed in the current numerical models. For example, the wind-wave interaction and bottom fric-

tion effects on storm-tide, especially when tides and storm surges as long waves enter shallow 

water, are still under further research. Furthermore serious difficulties arise from the unsta-

tionarity of the processes involved; particularly those are long–term (e.g. climate change) and 

from the problems associated with extrapolation of observations to 10
-2

-10
-5

 years of extreme 

events with statistical distributions without any physical base. In fact, it is well known that 

decisions based in wrong numbers resulting from sophisticated analyses (e.g. extreme value 

theory and multivariate analysis) may represent an additional hazard (Oumeraci, 2004). 

1.2 Objectives 

The tentative main objective of this PhD study is the development of a new hybrid modelling 

approach, which combines Data-Driven models (DDMs), such as Artificial Neural Networks 

(ANNs), with the hydrodynamic numerical models that apply to coastal areas and estuaries as 

simple “operational”, low cost modelling tools in order to: 

(i). account for the high nonlinearity of the processes at two sites in the North Sea, Ger-

many. For a selected site representative of an estuary area (e.g. Cuxhaven) and a se-

lected site representative of an open coast area (e.g. Sylt),  

(ii). determine the worst extreme water levels, which is physically possible in the 21st cen-

tury under the projected climatic change for the North Sea area.  

(iii). relate and predict extreme water levels at Sylt using Cuxhaven data. Since long-term 

water level observations at Sylt may be not available in the past, it is valuable and cost 

effective for a coastal engineering study to establish the relationship with the available 

water levels at Cuxhaven. 
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1.3 Methodology 

The tentative methodology, which will be specified in more details as a key result of Chapter 

2, is briefly illustrated in Figure 1.2. 

 

Figure 1.2: Tentative methodology of the PhD study. 

First, the present knowledge related to the classification of extreme storm-tide components as 

a basis for the understanding of the processes involved in the nonlinear interaction and its 

generation will be reviewed (chapter 2). Particular emphasis will be put on the available mod-

els that can be used for building the new hybrid model system. 

Second, the numerical implementation of the selected CFD models, their calibration and vali-

dation against the observed data at the two study sites is prescribed (chapter 3). This is fol-

lowed by the identification of the most relevant components of the resulting storm-tide at both 

sites, which allows us to save computation time. 

Third, as the processes involved in the generation of extreme storm-tide are very complex and 

the relationships between the components are nonlinear, numerical/statistical models alone are 

not able to provide proper and accurate predictions. Therefore, a more efficient computational 

tool (“ hybrid model system”) needs to be developed and validated using meteorological forc-

ing (1970-2007), which will be obtained from available data of the past meteorological events 

(“hindcast conditions”). Moreover, a relational ANNs model will be developed to retrieve 

missing data at Sylt using observed water level from Cuxhaven, which accounts for the differ-

ences in the nonlinear phase and amplitude of water level between the two sites (chapter 4). 
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Forth, the new hybrid model will be driven by meteorological forces (2070-2100), which will 

be obtained from scenario for future meteorological events “future conditions” (chapter 5). 

The emission scenario widely used between 2070 and 2100 is SRES A1B, where SRES is the 

IPCC Special Report on Emission Scenarios. This illustrates the hybrid model capability to 

estimate the effects of future climate change and of the relative mean sea level rise on the 

storm-tide. 

Finally, the results of the implementation, verification and application of the new hybrid 

model as well as those of the selected numerical models are summarised and conclusions are 

drawn. Furthermore, recommendations are provided for the application of the hybrid system, 

including the outline of possible future research topics (chapter 6). 
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2 Current State of Knowledge and Modelling 

The tremendous increase in offshore and onshore activities requires the development of im-

proved modelling techniques for both hindcast and forecast of extreme water levels during 

storms. On the coastlines of the North Sea, a combination of high tides, storm surges, wind 

waves, external surges from the Atlantic and their mutual interactions generally represent the 

major sources of coastal flood risks. The contribution of the mutual interactions between the 

various components still remains the least understood. In shallow water, both man-made and 

natural marine systems are much affected by extreme storm-tide due to the non-stationary 

nature of the contributing components and the nonlinear interactions between those processes. 

A proper physically-based coupling of all components will probably take decades to be im-

plemented in the current operational hydrodynamic models (“knowledge-driven” models). 

Meanwhile, rather a more pragmatic data-driven approach is required to complement the 

“knowledge-driven” models describing the behaviour of physical systems. The objective of 

this chapter is to review the knowledge on the physical behaviour of extreme storm-tide in 

order to better understand the most relevant processes and their interactions. This will allow to 

identify the knowledge gaps and to specify more precisely the objectives and methodology of 

the PhD study (as tentatively formulated in Chapter 1) towards the development of a new hy-

brid modelling approach by combining knowledge-driven with data-driven models and taking 

implicitly into account the nonlinear interaction between the contributing components. Such a 

model is expected to bridge the knowledge gaps and to assess the contributions of these non-

linear interactions to the resulting extreme storm-tide. Moreover, reliable prediction of the 

extreme water levels is vital for the life cycle design and management of coastal, harbour and 

offshore structures. Therefore, this chapter needs to address the review and analysis of the 

following aspects:  

 Study area (North Sea with a focus on the German Bight) and the main prevailing 

types of meteorological storms. 

 Classification of extreme storm-tide components in the North Sea. 

 Physically-based and data-driven storm-tide models for the North Sea. 

From the results of this literature study implications for the planned research will be drawn, 

thus allow to specify more precisely the objectives and methodology of the PhD study to-

wards the development of a new hybrid modelling approach which efficiently combines neu-

ral network techniques with conventional numerical methods. 

2.1 The North Sea area and prevailing storms  

The North Sea is one of the world’s largest shelf seas with surface area of 575.300 km
2
 (Ve-

lema, 2010). It is surrounded by the east coasts of Scotland and England to the west, while the 

northern and central European mainland to the east and south. Therefore, it lies between seven 

countries (UK, France, Belgium, Netherlands, Germany, Denmark and Norway). The North 

Sea is around 960 km long and 580 km wide and very shallow in the south, with an average 

depth from 25 to 35 m. The depth increases as moving up north, where the deepest point in 
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the North Sea is found in a shore-parallel trench located near the Norwegian coast, with 

depths over 500 m (Velema, 2010). This topography influences the system of eigen-

oscillations of the North Sea (especially resonance to tidal forcing) and water level rise during 

storm surges. The shallow topography of the North Sea supports nonlinear effects caused by 

energy dissipation at the bottom and changing depths due to tidal waves. These processes are 

stronger than the nonlinearity due to momentum advection (Sündermann & Pohlmann, 2011). 

As a result tidal curves and figures are severely non-harmonic. The bathymetry of the North 

Sea is shown in Figure 2.1.  Shallow water processes have a large influence on the water level 

and wave height for the German Bight coasts, located in the southeastern part.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Topography of the North Sea as represented by an unstructured model grid. The study area of the 

German Bight is depicted by the white rectangle. Water depths are given relative to the German chart 

datum of mNHN (Normalhöhennull, in m) (Kösters & Winter, 2013). 

The bed elevation range (BER), which is the range of morphological activity throughout the 

data-collection period, has been calculated and mapped to describe the decadal morphody-

namic activity of the German Bight based on bathymetric data from the years 1984 to 2006 by 

Kösters & Winter (2013) (see Figure 2.2). These have shown that the highest morphological 

activity can be found in the outer estuary tidal channels of the East Frisian coast and along the 

German west coast. Considering the known distribution of tidal currents and wave energy 

along the German Bight coastline, it was hypothesized that the main morphodynamics drivers 
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along the East Frisian coast are the tidal currents, whereas the high morphologic activity along 

the North Frisian coast can also be related to wave forcing (Kösters & Winter, 2013). 

 

Figure 2.2: Average bed elevation range (m/year) based on bathymetric data (1984–2006) as integral measure of 

morphological changes (Kösters & Winter, 2013). 

The North Sea links up with the Atlantic Ocean to the north and also the southwest, via the 

English Channel. The open connection with the Atlantic (mainly through the northern en-

trance, less than through the English Channel) allows the free exchange of momentum, energy 

and matter between the two seas. Planetary waves generated by astronomical and atmospheric 

forces in the ocean penetrate over the shelf break into the North Sea, where they produce tides 

and external surges. To the east it indirectly connects with the Baltic Sea (siek, 2011) through 

the Skagerrak, which is located between Denmark and Norway (approximately 100 km wide). 

Therefore, the North Sea is characterized by a broad connection to the ocean, meanwhile by 

strong continental impacts from north-western Europe. This results in a substantial interplay 

of oceanic influences (e.g. tides, the external surge and North Atlantic low pressure systems) 

and continental ones (e.g. freshwater discharge). At the southern landward boundaries, the 

North Sea is connected with four rivers (Elbe, Weser, EMS and Westerschelde). The long-

term average discharge of Elbe is 856 m
3
 s

-1
 and it is 358 m

3
 s

-1
 for Weser. While the other 
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two rivers (EMS and Westerschelde) have long-term average discharge less than 88 m
3
 s

-1
 

(van Beusekom et al., 2001). 

The North Sea is located in the northern hemisphere latitudinal belt of the atmospheric extra-

tropical cyclones region (usually between 30° and 60° latitude from the equator). Therefore, a 

storm is defined as a severe cyclonic windstorm that is associated with areas of low atmos-

pheric pressure (<10000 Pascal). The meteorological conditions are affected by the path and 

the velocity of the depression systems, which have a large spatial scale (average about 1600 

km (Aguado & Burt, 2007)), moving across the sea. These storms, which have a westerly di-

rection for this region, travel with the jet stream across the North Atlantic towards Europe. So 

they are rarely motionless and commonly travel about 1200 kilometres in one day. 

The late autumn and winter seasons are the times of storms in Europe as a result of pressure 

differences between two locations. This is due to the higher differences in temperature during 

these seasons between the North Pole area and the tropics than the differences during summer. 

The extra-tropical cyclone begins as a weak disturbance somewhere along the frontal zone 

(stationary front), where cold air from polar region meets warm air from the south (see 

Figure 2.3) (Stage a). The collision of these two air masses results in the uplift of the warm air 

into the upper atmosphere creating a cyclonic spin around a low pressure centre in counter 

clockwise direction due to the Coriolis force (Stage b). Associated with this centre is the cold 

and warm fronts. During the middle stages of cyclogenesis, the storm intensifies and the pres-

sure at the storm's centre drops. Cold fronts usually move along the Earth's surface at veloci-

ties greater than the warm front. As a result, the late stages of cyclogenesis occur when the 

cold front overtakes the warm front causing the air in the warm sector to be lifted into the up-

per atmosphere (Stage c). The resulting boundary between the cold and cool air masses is 

called an occluded front. A day or two after occlusion the occluded front dissipates, winds 

subside, and a stationary front forms on the surface of the Earth again (Stage a). 

Most of the storms are already generated in the Atlantic Ocean, where the starting point can 

differ greatly. The very strong onshore winds at all parts of the North Sea coast lead to over 

more than one tidal cycle persistent storm-tide curves. Therefore, a notable storm surge on the 

German coast can only be generated for storm depression tracks across the 8
ο
 longitude be-

tween 55
ο
 and 65

ο
 latitude. The track location of the storm depression when passing the 8

th
 

degree of longitude is crucial for the development of the storm surges on the German North 

Sea coast and for typing the storm surge. If the Track of the storm from the North Atlantic is 

south of 55
th

 or north of the 65
th

 latitude, there might be no danger to the German North Sea 

coast, but for the neighboring coasts (e.g. the Holland surge in 1953 south of the 55
ο
 latitude). 

The North Sea is mainly affected by three types of meteorological storms, which may poten-

tially generate extreme storm-tide (Petersen & Rohde, 1979). These storm types, namely the 

Jutland type, the Scandinavian type and the Skagerrak type, are depicted in Figure 2.4 along 

with their associated storm surge characteristics. 

1. Jutland-type: developed over Newfoundland, traveling mostly very fast in easterly di-

rection from England over the North Sea to Jutland between 57
 ο

 and 55
o
 latitude. It 

results in strong southwesterly winds, shifting to westerly and finally to northwest 
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winds. It is associated with storm surges of medium height and narrow curve, which 

occur rarely (e.g. the storm surge of 2/3 Jan.1976). 

2. Scandinavia-type: is a slow-moving depression system formed over Greenland and 

Iceland and traveling towards the southeast, crossing Scandinavia between the 60
th

 and 

65
th

 degree of latitude. Deep pressure systems from the Scandinavia type cause long, 

persistent storms with winds from northwesterly directions over the North Sea. Usual-

ly, the highest wind speeds are not as strong as those from the Jutland type but the 

storm-tide curve, derived from tide gauge observations, includes more than one high 

tide. The storm surge generated by this storm type has the widest surge curve, and is 

lower and less frequent (e.g. 16/17. Feb 1962 storm surge). 

3. Skagerrak-Type: is located between the other two types, traveling usually from west-

northwest to east-southeast. It crosses the 8th degree of longitude, which lies just in 

front of the western coast of Schleswig-Holstein, between the tip of Denmark and the 

60
th

 degree of latitude. These storms generate the highest water levels with medium 

width surge curve that occur most often (e.g. storm surge of 27. Oct 1936). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Extratropical cyclone development from birth (a) to death (c), which lasts between 3 and 10 days (De 

Jong, 2012). 

(a) 

(b) 

(c) 
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Figure 2.4: Storm depression tracks, which cause strong storm surges at the North Sea Coast (modified from 

(Petersen & Rohde, 1979) . Types of depression systems as coloured: Blue: Jutland type, red: Skager-

rak type, green: Scandinavian type, black: mixed types. 

2.2 Classification of extreme storm-tide components 

Extreme water levels at an open coast may consist of the following six components (Walton 

& Dean, 2009): (i)wind setup due to wind shear at the water surface, (ii) pressure setup due to 

the atmospheric pressure decrease over the spatial extent of the storm system, (iii) wave setup 

caused by wind-induced waves transferring momentum to the water column, (iv) Coriolis 

forced set up or set down due to the effects of the rotation of the earth acting on the wind 

driven alongshore current at the coast, (v) seiche due to resonance effects initiated by moving 

wind system, and (vi) an astronomical tide component. In the North Sea, the external surges 

that are generated outside and then propagate to the interested area also contribute nonlinearly 

to the resulting extreme storm-tide level. Therefore, the extreme storm-tide is a consequence 

of different determinants and their complex nonlinear interactions. Extreme storm-tide com-

ponents can be classified according to generation forces into stochastic components, which are 

generally of meteorological nature, and deterministic components (see Figure 2.15). 

2.2.1 Stochastic components 

These components have a time scale in the order of individual storm event ranging from a few 

hours to 4 or 6 days. 

(a) 
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a) Wind setup and inverse barometric effect 

Typically, the most important component of a storm-tide is definitely the wind setup, which is 

combined with the pressure setup due to the natural formation of the meteorological storm 

systems. The wind setup is generated primarily by a strong wind. Northerly or north-westerly 

winds are notorious in this respect for the North Sea (long fetch), while easterly or westerly 

wind directions have moderate fetch. The northerly wind can blow the full length of the North 

Sea without interruption and sweep the water up against the German coast. The wind setup for 

the southern North Sea coasts is mainly around 150-200 cm (De Jong, 2012). The pressure 

effect is often described as the inverted-barometer (IB) effect, the water level decreases by 

one centimeter for each hPa increase in pressure. It can reach up to about 10-20 cm, depend-

ing on the pressure difference and the distance between the storm center and the point of 

measurement. The combination of wind and pressure setup can raise or lower the water level 

by up to several meters, generating a storm surge as shown in Figure 2.5  (Siek, 2011). Storm 

surges in the German North Sea coast are usually caused by strong local winds (wind speed ≥ 

17.2 m/s) from northwesterly directions blowing over the shallow shelf areas in the German 

Bight (depths ≤40 m; along the coastlines ≤10 m) occurring when the low pressure systems 

travel farther eastward into the Scandinavian/Baltic area (Dangendorf et al., 2014). These 

winds cause an effect of water pile up with surges of up to more than four meters (Dangendorf 

et al., 2014). By definition, a storm surge in the North Sea is a water level 1.5 m above Mean 

High Water (MHW) or higher (Jensen et al., 2008). Two types of North Sea storm surges can 

be distinguished. The wind-induced type occurs after north-westerly winds have continued for 

a prolonged period of time, causing wind setup in the south-eastern coast of North Sea. Storm 

surges generated by wind setup are easy to predict, with a warning lead time of 18 to 24 

hours. By contrast, the extra-tropical cyclone type of surge is much more difficult to predict 

because in this case a small low-pressure system with hurricane force winds tracks across the 

British Islands at high speed, intensifying over the North Sea.  

 

Figure 2.5: Storm surge component as combination of wind and pressure setup (Siek, 2011). 

The amplitude of storm surge depends on several factors including: 

 Intensity, duration and direction of wind: especially in extra-tropical storms 

 Bottom friction: which limits the growth of the long storm surge waves, and this must 

be accounted for in numerical models (Carter, 1985; Bijl, 1997). 

 Coastline geometry: the concave shape of the bay coast is likely to enhance surge lev-

els. 
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 Coriolis Effect: This apparent force affects all oceanic and atmospheric movement in 

coordinates that rotate with the earth. In a basin with the dimensions of the North Sea, 

the rotation of the earth affects all storm-tide components. The Rossby radius (Ped-

losky, 1982) for the North Sea is ca. 270 km; so that it is necessary to take into ac-

count the inertia effect of this force. 

b) External surge  

Under certain weather conditions an external surge can be generated in the North Atlantic, 

pushing additional water masses into the North Sea basin (Gönnert, 2001). External surges are 

generated in the Northeastern Atlantic due to air pressure variations that are induced by fast 

passing cyclones. They may generate noticeable waves at the water surface as well as internal 

waves in the water body. The propagation of an external surge into the North Sea takes place 

preferably when the track of the causative cyclone leads from the sea areas between Ireland 

and Iceland to Mid-Norway causing strong winds to the north of Scotland. These waves prop-

agate to the North Sea similar to a tidal wave, but independently of the tide phase and any 

periodic regularity, and travel through the North Sea in counterclockwise direction (Pugh, 

1996) as shown in Figure 2.6. They are affected by the earth rotation (Coriolis force) and by 

the rapidly decreasing depth. External surges will increase (or decrease), if the cyclone track 

shifts southward (or northward) and influence the water body of the North Sea. These factors 

are accentuated as the external surge moves southward down the east coast of Britain (Roger 

A. Flather, 2000). The study of 73 external surges which occurred in the years from 1971 to 

1995, showed that the residual contribution of external surge in Cuxhaven without the wind 

effects must be interpreted by 10 cm to 109 cm (Gönnert & Thumm, 2010). The extreme 

storm-tide in February 1962 had an additional contribution of 90 cm for some sites in the 

German Bight, coming as a long wave from the Atlantic, resulting in a disastrous flood 

(Timmerman, 1975). 

 

Figure 2.6: External surge propagation in the North sea (3.11.1971 14:00 MET) (Sossidi et al., 2010). 

Range of external surge in the German Bight: 

10 to 109 cm 
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c) Wave setup 

Ocean waves transform both in terms of their heights (H) as well as their shapes as they prop-

agates onshore. These transformations result in a fall and a rise in the mean water level 

(MWL) respectively outside and inside of the surf zone, the so-called wave set down and set 

up (Figure 2.7). It is well known that wave set down and setup can be explained through the 

concept of the wave radiation stress (Longuet-Higgins & Stewart, 1964), which is the forcing 

from ocean waves on the mean body of water. The cross-shore increase of the wave radiation 

stress (Sxx) outside the surf zone is balanced with a decrease in a hydrostatic pressure forcing 

on the mean body of water and thus by a fall in MWL seaward of the breaker line; whereas 

the wave setup inside the surf zone is generated by the cross-shore decay of the wave radia-

tion stress landward of the wave breaking point (Figure 2.7). Wave setup can cause an in-

crease in mean water level elevation (η̅) on the order of 20% or more of the offshore breaking 

wave height (Hb) and can thus be a significant portion of the overall storm water level during 

storms inside the surf zone (Weaver & Slinn, 2004). At the German Bight, a field wave setup 

experiment was conducted on the Island of Sylt (Hansen, 1978), who noted that the maximum 

wave setup is approximately 50% of the significant breaking wave height or 30% of the off-

shore significant wave height “HOS”. In Hoernum South of Sylt, the offshore significant wave 

height is 2 m and reaches 5 m during the storm (Mewis, 2006). On the other hand, wave set-

down is small and constitutes approximately 5% of the breaking wave height. 

 

Figure 2.7: Wave set up and set down – definition sketch (Oumeraci, 2009).  

d) River discharge 

The water levels in the estuaries of the German rivers Ems, Weser and Elbe are influenced by 

variations of the discharge and changes of the tidal dynamics in the North Sea. The most im-

portant river in the German bight is the Elbe, with long-term average discharge 856 m
3
/s, min-

imum discharge145 m
3
/s and maximum discharge 3620 m

3
/s. The amounts of water discharge 

(MQ) in large rivers are related primarily to: (i) drainage basin size, (ii) large-scale atmos-

pheric circulation dynamics and (iii) topography  
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An estuary has typically three main sections as illustrated in Figure 2.8(b): a lower (or marine) 

estuary, in free connection with the open sea; a middle estuary, where the mixing of saline and 

fresh water occur; and upper (or fluvial) estuary, usually dominated by freshwater influences. 

However, the upper estuary is subject to daily tidal rise and fall, like the rest of estuary (Open 

University, 1999). The impacts of the water level changes at the North Sea gauges (Borkum, 

Lighthouse “Alte Weser” and Helgoland) show that, the Mean low Water (MLW) is increas-

ing from the North Sea into the estuaries Ems, Weser and Elbe continuously up to the respec-

tive tidal border, where the discharge takes effect (Figure 2.8(a)). The smaller the distance to 

the tidal border is, the more dominant the effect of the discharge on the water levels becomes 

(Jensen et al., 2003). The effect of the Mean Low Water (MLW) in the North Sea gauges for 

the MLW of the Ems, Weser and Elbe gauges can only be determined at the gauges Emden, 

Bremerhaven and Cuxhaven. At the gauges sited more upstream in the estuary, there is only a 

small influence due to the MLW of the North Sea gauges (Jensen et al., 2003). For the Elbe 

river (Figure 2.8(b)) an increase of the dedicated discharge (MQ) by 1 m
3
/s at the gauge Neu 

Darchau causes an increase of 0.1 cm in the MLW at Bunthaus (Jensen et al., 2003).  Hence, 

the effect of river discharge on the water level during storms is almost negligible at Cuxhaven 

especially with the small discharge amounts. 

2.2.2 Deterministic components 

a) Tidal level effect 

Tides, caused by the gravitational effect of sun and moon, are periodic and very predictable. 

The North Sea is a marginal sea, so the tidal motions are not the result of the direct action of 

the tide-gravitational forces. In fact, the observed tide in the North Sea is a co-oscillating re-

sponse to the tidal waves generated in the North Atlantic Ocean (Otto et al., 1990; Velema, 

2010), which propagate around the coast in counter clockwise direction taking the form of 

long gravity waves. The main tidal constituents are expressed by waves which enter and exit 

the North Sea through the northern and western open-sea boundaries with the North Atlantic 

Ocean (see Figure 2.1). The main tidal constituent in the North Sea is the M2-tide with period 

of 12 hours and 24 minutes (see Figure 2.9). Near the coast of Scotland and England it propa-

gates almost as a perfect Kelvin wave. This can be seen in the rectangular pattern of the co-

tidal and co-range lines in Figure 2.9 (Dyke, 2007). Conservation of energy flux requires an 

increase in tidal height and current amplitude as water depths decrease. The increase in tidal 

currents gives rise to strong bottom friction and generation of intense turbulence, dissipating a 

large amount of energy and mixing the water column. Much of the tidal energy is dissipated 

in the Southern shallow part, but a portion is reflected as a damped wave, propagating north-

ward along the continental coast. When the incoming and reflected tidal waves are superim-

posed together, three elevation amphidromic points (EAPs) are generated. One located in the 

Southern Bight and two are displaced progressively eastward from the mid-distance as the 

reflected wave is damped gradually when travelling northward (Butler et al., 2007; Debernard 

et al., 2003). Therefore, the North Sea has a complex tidal regime due to the combined effects 

of Coriolis and frictional forces with the geometry of the North Sea region. In addition, when 
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water becomes shallower, higher harmonics of astronomical constituents are generated by 

bottom friction and non-linear effects. These higher harmonics are referred to as shallow wa-

ter constituents (Doodson, 1973). For example, the dominant semidiurnal M2 tide in shallow 

regions leads to a significant quarter-diurnal harmonic (M4) due to nonlinear effects, namely, 

advection, wave drift, quadratic bottom friction, and time-dependent viscosity (siek, 2011). 

 

 

Figure 2.8: Tidal border Herbrum, Grosse wasserbrueke and Bunthaus of the Ems, Weser and Elbe rivers respec-

tively (a) (Jensen et al., 2003).The effective borders of the North Sea tides and Elbe River discharge in 

the Elbe’s estuary area (b) (Oumeraci, 2009). 

The mean tidal range increases from 2.2 m in the entrance of the Ems-Dollart estuary to near-

ly 3 m in the offshore area of Jade, Weser and Elbe estuaries and decreases to about 1.8 m in 

the offshore area of North Frisia. The highest tidal range at the German North Sea coast oc-

curs close to the landward border of the Lower Weser estuary in Bremen with about 4 m on 

the average (Niemeyer et al., 1996). If the storm makes landfall during high tide, the effect is 

(a) 

(b) 
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a higher water level than if the surge hits the shore during low tide. Tide and surges are not 

linearly additive, but interactive (Khan, 1995). It has long been recognized that in shallow 

water areas with a large tidal range, the nonlinear effects of tide-surge interaction are im-

portant. The peak of the storm surge in the southern North Sea tends to ‘avoid’ predicted tidal 

high water, due to the speeding up of the tidal wave propagation in the presence of the deeper 

water caused by the surge level (see Figure 2.10) and other subtle changes are caused by bot-

tom friction (Wolf, 2009). 

 

Figure 2.9: Tides in the North Sea as derived from observations. Red lines are co-phase lines of the M2 tide, 

labelled in hours after the moon's transit through the meridian of Greenwich, there are thus only 25 

minutes between the co-phase lines labelled 12 and 0. Blue lines give the mean tidal range at spring 

tide (co-range lines as the sum of M2 and S2) (Tomczak, 2002). 

b) Seiche 

In semi-enclosed seas, a standing wave or seiche can arise as a result of incoming long waves 

from sea generated by direct external forcing (e.g., atmospheric pressure, wind, and tide). The 

North Sea often experiences a lengthwise seiche with a period of about 34.5 hours (Weenink, 

1956). Moreover, it responds to the twice-daily tide driving from the north of Scotland and 

also through the Straits of Dover, the wave-pattern breaks up into three seiches (see Fig-
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ure 2.9). At the ends of a seiche, there are dramatic tides, with 4 metres difference between 

high and low tide.  In the middle, at what’s called the node, the tides are much less dramatic 

with only 1.5 metres between high and low water.  

 

Figure 2.10: Illustration of tide-surge interaction. Undisturbed predicted tide (Tide) is solid black line, phase 

advanced tide (Tide’) is solid blue line, undisturbed meteorological surge (Surge) is dashed black line, 

tide-surge interaction (Inter) is dashed blue line, net storm surge is solid red line (Wolf, 2009). 

The seiche component for the storm surge in the North Sea occurred once in December 1954. 

Two storm surges “twin” occurred during the period of 21-24 of December. The period be-

tween the maxima of the two storms (about 35 hours) was such as to cause almost complete 

resonance for the North Sea (Weenink, 1956). Normally, the storms of the North Sea have 

wind variations at time scales shorter than the resonance period in order to complicate the 

response(De Jong, 2012). 

2.2.3 Climate change effect and long term components 

a) Climate change effect on storm surge and waves 

Today, we live in a period where increasing greenhouse gas (GHG) concentrations in the at-

mosphere are beginning to change the global climate. There is considerable uncertainty re-

garding the future emissions of GHG and associated aerosols, as the amount of these emis-

sions depends upon the character and scale of future economic activity, which is difficult to 

predict. General Circulation Models (GCMs) estimates an increase in global temperatures in 

the range from 1.1 to 6.4
o
C at the end of 21

st
 century, which depends on emissions scenario 

(Meehl et al., 2007). An increase in global temperatures of this magnitude is likely to have a 

significant impact on climate processes operating at various scales, from global and hemi-

spherical scale processes to the regional and local scale surface environmental variables 
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(Fealy et al., 2012). Storm surge climate depends strongly on the meteorological conditions 

and those differ significantly when various future development scenarios are considered. Ad-

ditionally, the same scenario simulated with difference global/regional circulation models can 

lead to considerable differences in the atmospheric and consequently storm surge climate 

(Beniston et al., 2007; Gaslikova et al., 2013). These uncertainties were partly addressed in 

recent studies of the North Sea. These studies comprise different analysis time horizons and a 

wide spectrum of models and scenarios. The study from Woth (2006) was based on 30-year 

time-slice simulations with various combinations of 2 global and 4 regional circulation mod-

els under two scenarios (SRES A2, B2). Despite the scenario-induced and model-related un-

certainties, there was an agreement among the different realizations that the high percentiles 

of storm surge heights increase in the German Bight toward the end of the 21
st
 century. The 

results suggest that under future climate conditions storm surge extremes have larger changes 

for the continental coast while differences are generally smaller and not statistically different 

from zero along the UK coast. In the western 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 im-

portant. Within the German Bight the 99.5
th

 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 (see Figure 2.11). 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 increase in duration 

and magnitude of extreme events could stretch their security limits. 

 

Figure 2.11: Climate change signals of interannual mean of the 99.5
th
 percentile of storm surge for all four en-

semble members under A2 scenario. The signals 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 beginning with 1 in Scotland and ending with 196 in Denmark, with the german bight 

(130-175) (Woth et al., 2006). 

Grid cells 



 
Current State of Knowledge and Modelling 19 

 

   

 

Debernard and Røed (2008) considered the Special Report on Emission Scenarios (SRES) 

A1B, A2 and B2 with circulation models and found an increase of about 6-10 % for the high 

storm surge percentiles for the south-eastern part of the North Sea. Moreover, along the North 

Sea east coast and in the Skagerrak the annual 99-percentiles of significant wave height in-

crease of about 6-8%, and these results are robust across the various choices in global models 

and emission scenarios. 

With the increasing computer power and computational resources in the last 5 years, the stud-

ies turned their attention to the transient runs (2001–2100) and greater amount of realizations 

with the aim to investigate rather the system internal natural variability than the uncertainties 

due to different scenarios and models. Gaslikova et al. (2013) investigated the possible future 

storm surge climates in the southeastern North Sea (German Bight) based on transient simula-

tions (1961–2100) under two IPCC emission scenarios (SRES A1B and B1) and two initial 

conditions. The climate change scenarios were regionalized with the regional climate model 

CCLM (Lautenschlager et al., 2009). Possible sea level rise in the North Sea is not taken into 

account. Comparing the 30-year averages of the annual 99 percentiles of the wind-induced 

water levels between the four climate realizations and the respective control climates, a small 

tendency toward an increase is inferred for all climate change realizations toward the end of 

the 21
st
 century. Concerning the German Bight, the climate change signals are higher for the 

North Frisian coastal areas (about 10 %) than for the East Frisian ones (about 8 %). This is 

consistent with an increase in frequency of strong westerly winds. Considering the whole time 

series (1961–2100) for selected areas, this tendency is superimposed with strong decadal fluc-

tuations. It is found that uncertainties are related not only to the used models and emission 

scenarios but also to the initial conditions pointing to the internal natural variability. 

b) Long term effect of bathymetry 

The bathymetry of the shelf and near-shore region plays an important role for the water level 

measured at the coastline. The magnitude of the wind setup is dependent on the depth and 

width of the continental shelf (Weaver & Slinn, 2004). On the continental shelf, where the 

water depth is smaller, the storm surge wave travels much slower than in deep water and a 

significant transfer of energy from the storm system to the water wave occur and quickly 

builds up to several meters amplitude on the shallow continental shelf. The southeastern part 

of the North Sea is shallower with an average of 22m water depth (Figure 2.1).  Also a num-

ber of local factors due to the morphology contribute to the modification/amplification of 

storm surge such as the effect of islands, convergence effects and storm track with shore line. 

Kösters & Winter (2013) and Winter (2011) studied the spatial distribution of BER in the 

German North Sea coast, in which the BER values reveal the depth effect on the time scale of 

morphological evolution. The annual bed topographies are based on data down to a water 

depth of 20 m; areas deeper than 20 m are the same for the various years in 1982 to 2008 

(Kösters & Winter, 2013). The deeper the water is (more than 10m), the longer and less topo-

graphical changes are likely (see Figure 2.2). So, the surge-tide simulations are most reliable 

for the deeper parts of the North Sea with water depths greater than 10 m where the topologi-

cal changes might not be considered. Moreover, satisfying results of water level heights are 
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obtained when the coast is steep, which is the case for large parts of the east coast of Great 

Britain (R. A. Flather & Smith, 1998). In case of the southern and south-western North Sea, 

where the coast is flat and large areas are mudflats, water level heights can realistically be 

modelled up to the 10 m depth line without taking into account  topographical changes (Gas-

likova et al., 2013; Woth et al., 2006). Therefore, the future changes in today’s topography 

does not need to be taken into account in future storm-tide simulations, since at both con-

cerned sites (Cuxhaven and Sylt) the water depth is greater than 20 m. 

c) Long term effect of relative sea level rise 

In the time of a warming climate, sea level rise is one of the major consequences that we have 

to cope with. Extreme water levels generally occur during a combination of a spring tide and a 

storm surge. An increase in the sea level will, of course, affect extreme levels directly. More-

over, changes in the relative sea level and hence water depth can also influence the tidal com-

ponent by changing its wavelength, and modifying the propagation and dissipation of tidal 

energy. Increased water depth also affects the generation, propagation and dissipation of the 

storm surge component, possibly reducing slightly the surge magnitude. (Woth, 2006) used 

the projections provided by the IPCC (Houghton et al., 2001) for the mean sea level rise, 

which is added to the change caused by meteorological forcing. For the mid-term time horizon 

2030, an increase of 9 cm was used for the two scenarios A2 and B2, while the increase 

reached 33 cm for A2 and 29 cm for B2 by 2085. The uncertainty of these numbers was given 

by the IPCC as about ±5 cm and ±20 cm for the different time horizons, which accounts for 

different global climate models and emission scenarios. It was assumed that mean sea level 

rise and changing storm surge height are independent and may simply be added. The storm 

related change of mean maximum surge level change at the Cuxhaven for the end of the 21
st
 

century varied between 42 cm to 61 cm with a mean value, across all models and scenarios, of 

50 cm. 

On large temporal scales, storm-tide is affected by Relative Mean Sea Level rise (RMSLr) as 

observed from long tidal gauge records (e.g Cuxhaven). Recently many studies that analysed 

sea level changes at different spatial scales with different methods, clearly point to the exist-

ence of considerable regional variability in the rates of sea level change (e.g. Domingues et 

al., 2008; Mitrovica et al., 2009; Wahl et al., 2010, 2011). Moreover, the temporal behaviour 

for sea level rise at both sites in the German Bight is different from those of wider regional 

and global changes (Mudersbach et al., 2012; Wahl et al., 2013). The projections provided by 

the IPCC AR4 are used for most coastal planning purposes considering the mean sea level 

rise, so the differences at interested sites (e.g. Cuxhaven and Sylt) from the global mean 

changes are ignored. Wahl et al. (2011, 2013) analyzed the RMSLr at Cuxhaven and Sylt by 

combined high-resolution water level data and tidal peaks over the last 166 years using the k-

factor approach and Monte Carlo autoregressive padding (MCAP). The results show that 

higher rates of relative sea level rise are detected for the eastern part of the German Bight (e.g. 

Sylt) than for the southern part (e.g. Cuxhaven) especially during the period 1950-2008. Since 

relative sea level changes can also vary spatially due to variations in vertical land movement, 

where their results indicating higher rates of subsidence for the eastern part than the southern 
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part of the German Bight (Wahl et al., 2010; Wahl, Jensen, Frank, et al., 2011; Wahl et al., 

2013). The estimated long-term trend of RMSLr for the period 1937-2008 at Cuxhaven is 

2.1±0.3 mm/year, while it is 2.0±0.3 mm/year at Sylt. The mean sea level at both sites is ex-

pected to increase with approximately 0.20±0.03 m in year 2092 with respect to the MSL 

(1991-2000) of 0.121 m and 0.027 m at Cuxhaven and Sylt, respectively. These estimated 

long-term trends at both sites are different when shorter periods are considered but with high-

er standard error. In the deeper water parts, an expected sea level rise can be linearly superim-

posed on the other extreme water level components as the water depth is more than 10 m 

(Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; Howard et al., 2010; Gaslikova et al., 

2013). 

Arns et al. (2015) investigated the impact of mean sea level rise (SLR) on extreme water lev-

els using a numerical model (MIKE 21 flexible mesh) that covers the entire North Sea, but 

has its highest spatial resolution in the northern part of the German Bight (1 km). A 40-year 

hindcast covering the period 1970 to 2009 (include 65 extreme events) is conducted using 

observed mean sea level (MSL) changes, tides and atmospheric forcing as boundary condi-

tions. The model reproduces the observed water levels well for this control period. A second 

40-year run is then conducted considering the same atmospheric forcing but adding +0.54 m 

to the MSL to explore the effects of sea level rise on storm surges in the investigation area. 

Figure 2.12 shows that the difference between the two runs of surge-tide (residuals) are gener-

ally above 0 cm with most locations showing significant positive changes in addition to SLR. 

Large height residuals are mostly found in the region bounded by latitudes 54.4 and 54.9, 

where the water is very shallow (Wadden Sea). The largest increase reaches the order of 15 

cm (in addition to the MSL changes). Two additional model runs were conducted (with and 

without SLR) where atmospheric forcing was neglected, i.e. the effect of SLR on astronomi-

cal tidal water levels is investigated.  Figure 2.12 shows that changes in tidal water levels 

from SLR are up to three times larger compared to the model run with meteorological forcing 

included. This indicates that water level residuals in the northern German Bight are mainly 

caused by nonlinear changes in the tidal components. Taking atmospheric forcing into ac-

count, by contrast, partly compensates tidal high water increases by surge reduction due to 

increases in the water depth. Moreover, the occurrence of high water levels becomes earlier 

under model run with SLR. This is a result from water depth increases causing reduced shal-

low water effects and friction. 

2.2.4 Nonlinear interaction between storm-tide components 

Storm surge impacts are not simply linearly related to maximum water level but rely on more 

complex, non-linear interactions between tide–surge conditions, the associated wind wave 

field and thresholds to landscape change (Spencer et al., 2015). Generally, observed water 

level at a given location and time can be considered as a sum of components (Roger A. Flath-

er & Williams, 2000): 
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 water level  =  mean sea level  +  tide  +  storm surge  +  nonlinear interac-

tions 
(2.1) 

 

Figure 2.12: Effect of sea level rise on extreme surge-tide (a), time of surge-tide occurrence (b), astronomical 

tide (c), time of tide occurrence (d) averaging all 65 events. The black dots show locations where 

changes were found to be insignificant (Arns et al., 2015). 

Prandle and Wolf (1978) considered an analytical solution of two progressive waves along a 

semi-infinite channel. They showed that the nonlinear interaction caused by quadratic friction 

was the largest, followed by the shallow water terms and nonlinear momentum advection 

terms. The interaction effect contributed by bottom friction increased with decreasing water 

depth and was proportional to the product of surge and tide. They concluded that the surge 

height increased at rising tide and decreased at high tide due to this interaction. Wolf (1981) 

used a 1-D analytical model to show that the shallow water effect became dominant over 
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quadratic friction for tidal amplitudes in excess of 3 m and in depths of 10 m or less. Wolf 

(2009) demonstrated that in the southern North Sea, the surge peak tends to modify the pre-

dicted high tide due to the change of the propagation speed when the surge modified the total 

depth (see Figure 2.10). 

Within the XtremRisK project, Goennert and Sossidi (2011) developed an empirical method 

to assess extreme events, which takes the hydrodynamics of storm-tide into account. With this 

method, the components of a storm surge, tide, external surge, and their interaction were ana-

lyzed. The focus lies on the analysis of: (i) the highest observed occurrence of each compo-

nent and (ii) the interaction between tide and wind surge and the interaction between storm 

surge and external surge using empirical, statistical and numerical methods (iii) the calcula-

tion of an extreme storm surge event based on the result of the analyses. This approach is pre-

sented with the example of Cuxhaven (see Figure 2.13). The wind surge curve was calculated 

by subtracting the astronomical tide from the observed tide, as well as by subtracting the mean 

tide from the observed tide. The effect of the astronomical dissimilarity on the wind surge can 

be identified by means of these two wind surge curves. The astronomical dissimilarity in 

combination with the wind surge of 3.70 m reduces to 10 cm for Cuxhaven. Only the external 

surges that occurred without a coinciding storm surge are taken into account. The average 

decrease in these external surges between Aberdeen and Cuxhaven is about 30%. The storm 

surge curve consists of the wind surge curve, the external surge curve and an astronomical 

tide curve that reflects the mean tide condition plus the ascertained effect of the astronomical 

dissimilarity (see Figure 2.13). 

Figure 2.14 shows the relative contribution of the different components for the German Bight. 

Storm surge, tide and external surge components have the largest contribution to the observed 

storm-tide outside of the surf zone in the German Bight. The wind surge maximum can occur 

in all tidal phases, but mostly occurs around tidal low water. The highest wind surge event at 

the tidal gauge of Cuxhaven which was not influenced by an external surge reached a height 

of 4.15 m. This occurred in January 1976 around low tide (Goennert & Sossidi, 2011). The 

maximum height of an external surge recognized at Cuxhaven was 1.09 m. This external 

surge reached 1.08m in Aberdeen and it did not coincide with a storm surge. The highest ex-

ternal surge that coincided with a storm surge reached a peak level of 1.00m at Cuxhaven. The 

highest tidal range occurred at Cuxhaven with about 3 m on the average.  
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Figure 2.13: Extreme storm surge and its components at the tidal gauge of Cuxhaven (Goennert & Sossidi, 

2011). 

 

Figure 2.14: Relative contribution of the different storm-tide components for the German Bight. 
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Figure 2.15: Main components contributing nonlinearly to the generation of extreme storm-tide and used terminology along with classification of storm-tide components (a) 

(modified from (Oumeraci, 2009)) , Exemplary illustration of the time series of the components (b). 

(a) (b) 

Storm surge (η
ss

): the change in water level due to the action of the storm as a combination of atmospheric pressure and wind setups. 

Tide (η
t
): the normal rise and fall of the water due to earth’s gravitational interaction with the moon and sun, which is affected by the natural resonance (seiches) of the semi enclosed basins like the North Sea. 

Storm-tide or extreme storm surge (η
st-t

): is the mean water level generated by the nonlinear combination of a storm surge, wave setup or setdown, external forces and astronomical tide.  

Surge-tide (η
su-t

): the change in water level due to the nonlinear combination of storm surge, external forces and astronomical tide only without wave effects. 

Residual surge (η
rs

): the difference between observed storm-tide (η
OB

) and the predicted astronomical tides (η
t
). 
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Extreme storm-tide components can be classified into three categories based on the forcing 

responsible for their generation as depicted in Figure 2.15:  

(i) Meteorological factors: with non-stationary and stochastic characteristics such as wind 

speed and direction, storm characteristics and its track, sea level pressure, and rivers dis-

charge.  

(ii) Deterministic factors: such as astronomical tides and tidal resonance, which may greatly 

affect the tidal ranges in a shelf sea like the North Sea, depending on geometry, friction 

and rotation.  

(iii) Local factors in a shallow water region: such as local bathymetry changes, roughness of 

the continental shelf and shoreline geometry. In the North Sea, the external surges gener-

ated outside and then propagating to the interested area contribute also nonlinearly to the 

resulting extreme storm-tide level. 

The storm surge, the tide and the external surge components have the largest contribution to 

the observed storm-tide in the North Sea area, especially inside the German Bight. The storm 

surge contribution for the southern North Sea coasts is mainly around 1.5-4.0 m, while the 

tide contribution ranges from 1.0 to 3.0 m. The external surge contribution in Cuxhaven 

(without the effect of storm surge) varies from 10 cm to 109 cm (Gönnert & Thumm, 2010).  

The wave setup is primarily present in and near the coastal surf zone. So, the wave setup has 

approximately no contribution outside the surf zone to the water level, because the source of 

the momentum flux to the water column is limited to the white capping-induced energy dissi-

pation. The selected two sites for this study (Cuxhaven and Sylt) are located far outside of the 

surf zone with water depth greater than 20 m. Hence, the contribution of the wave setup to the 

observed storm-tide at both sites is almost negligible. 

On the southern boundary of the North Sea area, the fresh water discharges of the four main 

rivers (Westerschelde, Ems, Weser, and Elbe) have approximately no effect on the water level 

in the German Bight especially for smaller river discharges. The Mean low Water (MLW) is 

increasing from the North Sea to the estuaries from the rivers Ems, Weser and Elbe continu-

ously up to the respective tidal border, where the effect of the river discharge dominates. For 

the Elbe river (Figure 2.8), an increase of the dedicated discharge (MQ) by 1 m
3
/s at the gauge 

Neu Darchau causes an increase of 0.1 cm in the MLW near the tidal border at Bunthaus (Jen-

sen et al., 2003) 

The German Bight is shallow with an average water depth of 22 m. So the time scale of mor-

phological evolution becomes larger and its effect smaller as the water is getting deeper i.e. 

more than 10 m (Woth, 2006; Gaslikova et al., 2013). In storm-tide simulations, the future 

changes in today’s bathymetry may not be taken into account, since at both interested sites 

(Cuxhaven and Sylt) the water depth is greater than 20 m.  

The relative sea level changes vary spatially due to variations in vertical land movement. The 

eastern part of the German Bight (e.g. Sylt) has higher rates of subsidence than the southern 

part (e.g. Cuxhaven) (Wahl et al., 2013). The estimated long-term trend of RMSLr (1937-

2008) at Cuxhaven is 2.1±0.3 mm/year, while it is 2.0±0.3 mm/year at Sylt. The mean sea 
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level at both sites is expected to increase with approximately 0.20±0.03 m in 2092 with re-

spect to the MSL (1991-2000) of 0.121 m and 0.027 m at Cuxhaven and Sylt, respectively. 

Moreover, the expected sea level rise can be linearly superimposed on the predicted storm-

tide as the water depth is larger than 10 m (Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 

2009; Howard et al., 2010; Gaslikova et al., 2013). 

Storm surge impacts are not simply linearly related to maximum water level, but rather de-

pend on the more complex, nonlinear interactions between all components (see Figure 2.15). 

The nonlinear interactions are caused by quadratic friction as the water depth decrease as well 

as by the shallow water terms and nonlinear momentum advection terms. Goennert and Sos-

sidi (2011) developed a method to assess the nonlinear interaction of the storm surge, tide and 

external surge components which resulted in a lower water level than that obtained by linear 

superposition of these three components.  

2.3 Storm-tide models for the North Sea 

The safety of the large variety of applications (design of coastal defenses against flooding, 

offshore structures for gas and oil extraction, schemes for generating power from the energy 

in the North Sea) is reflected by the crucial importance of an improved understanding and of 

the capability of our models to accurately simulate and predict extreme storm-tide. Over the 

past two decades, the operational numerical storm-tide models have significantly been im-

proved, which particularly represent a substantial contribution to the improvement of the stud-

ies related to the mitigation of flood risk and coastal zone management. These models, how-

ever, approximate partially or fully omit the effect of the nonlinear interactions among the 

components of extreme storm-tide (see Figure 2.15), which has been shown to overestimate 

the maximum water level (Goennert & Sossidi, 2011), and to incorrectly predict the time of 

its arrival (Higaki et al., 2009)(DERM, 2009). Therefore, the purpose of this section is to 

briefly review and analyse the most relevant numerical knowledge-based models (CFD mod-

els) and data-driven models (DDMs) available for the North Sea in order to build a new hy-

brid modelling approach by combining numerical models with data-driven models in order to 

take into account the nonlinear interaction between the contributing components. The re-

quirements and selection criteria to identify the most suitable CFD models depend on the 

characteristics of the storm surge model like: 

1. Space resolution of the model for better representation of coastal and shallow water 

areas, since the nonlinear interaction is mainly due to bottom friction and the complex-

ity of the shallow areas. Therefore, the modelled area discretization with finite element 

mesh is preferable to nested grids with finite difference. 

2. Required computational resources and time of the model for forecasting purposes as 

part of operational system. The implementation of parallel processing capabilities in 

CFD models provides the possibility of simulation on multiprocessor PCs in reasona-

ble time.  

3. Representation of storm-tide components (Figure 2.15), which change in space and 

time, as forcing terms in the model and lateral open boundary. 
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The most suitable type of DDMs for storm-tide in the North Sea depends on: 

1. Use of short to moderate time series of observed data at interested sites 

2. Suitability for the long term prediction of storm-tide. 

This section will proceed as follows: 

1. Comparative analysis of the state-of-art numerical storm-tide models available for the 

North Sea area with the objective of identifying the most suitable numerical model to 

be considered as a part of the prospective hybrid modelling approach.  

2. Review of the approaches in data-driven modelling (statistical and ANN methods) to 

select a complementary model for the chosen numerical model in step 1.  

2.3.1 Numerical storm-tide prediction models for the North Sea 

Essentially, the coastal floods due to storm-tide can be predicted with an accuracy that de-

pends on the accuracy of the meteorological forecasts. An appropriate numerical weather 

model can predict the motion of atmospheric depression with a satisfactory accuracy in a 

range of several days. The wind and air surface pressure fields predicted by this model can be 

utilized as some driving forces of the sea motion in a numerical storm-tide model (Gaslikova 

et al., 2013; Chini, 2012; siek, 2011; Woth, 2006). The storm-tide models are basic parts of 

the operational oceanographic systems, used for a real time prediction of surges, tides and 

waves in the North Sea. The basis of the widely used numerical storm-tide model is the Na-

vier-Stokes shallow water equations, stating the physical laws of mass and momentum con-

servations (Chen, Liu, & Hsu, 2012; DERM , 2009; Higaki, Hayashibara, & Nozaki, 2009; 

Horsburgh & Wilson, 2007; Prandle & Wolf, 1978; Wolf, 2009). These equations are inher-

ently nonlinear. Nevertheless, the numerical models are based on several assumptions due to 

the limited knowledge of the underlying processes (e.g. energy dissipation associated with bed 

resistance). Such assumptions are usually expressed in empirical forms that require the values 

of one or more parameters to be identified through calibration process. Moreover, these mod-

els are discretized either by finite difference or finite element with the nonlinear momentum 

advection terms, nonlinear bottom stress effects, and/or nonlinear shallow water effects are 

either approximated or fully omitted. This treatment of the nonlinear terms has been shown to 

overestimate the maximum water level, and to incorrectly predict the time of its arrival (Hi-

gaki et al., 2009)(DERM, 2009). Furthermore, the effect of wave-induced setup is not consid-

ered in the storm-tide estimation despite its importance inside the surf zone.  

The operational surge-tide models created and run in different countries around the North Sea 

are compared and presented in Table 2.1. Each of these models has its limitations and weak-

nesses. It is noticeable that most of the operational surge-tide models were developed between 

1990 and 2000. Moreover, they used nested grids and finite difference discretization to repre-

sent the modelled area, which requires more computation time and resources.  

Recently, a number of advances on physically-based storm-tide modeling have been imple-

mented. These improvements include: parallel processing (provide possibility of simulation 
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on multiprocessor PCs in reasonable time), refining computational grids, utilizing more accu-

rate calibration of models with better data and using improved numerical schemes. These ad-

vances were applied successfully to TELEMAC2D (part of TELEMAC system (Hervouet, 

2007; Hervouet & Van Haren, 1994)) and DELFT3D (Deltares, 2010). 

The software suite Delft3D simulates the surge-tide in a two dimensional, depth-integrated 

configuration. The deterministic mathematical model solves the three-dimensional shallow 

water equations and the continuity equations by use of an implicit finite-difference-scheme. 

Non-stationary hydrodynamic processes driven by tidal forces and meteorological boundary 

conditions can be solved on a staggered curvilinear model grid (see Table 2.1), which may 

require the use of nested grids technique for interested areas. Moreover, the non-linear terms 

in the coupled continuity equation and momentum equations are removed by linearisation of 

the fluxes in time (Deltares, 2010). It was recently integrated the Simulating Wave Nearshore 

(SWAN) model in order to enable an efficient and a direct coupling between e.g. circulation 

models (wave driven currents) and sediment transport models (stirring by wave breaking) 

(Siek, 2011).  

Bruss et al. (2011) investigated the processes involved during conditions of extreme water 

levels (tide, three major storm surges, several external surges and an increase in the mean sea 

level) in Cuxhaven using DELFT3D. The different processes were analyzed individually and 

adverse combinations including the approximated nonlinear interactions between them were 

simulated yielding new scenarios. They found that the effects of these processes interaction 

seem to be reduced in the approximated nonlinear superposition with high absolute water lev-

els. Among the new scenarios, the superposition of the storm surge of January 1976 with the 

external surge of December 1990 and the mean spring high tide of November 1990 leads to 

the highest water level in Cuxhaven. It is not the storm of the highest ‘standalone surge’ of 

February 1967 which leads to the highest scenario when superimposed with the other process-

es. Despite the iterative maximization of the water level peaks to spring high tide, the actual 

highest water levels of the scenarios appear ~30 min before spring high tide, which is due to 

the approximated nonlinear interactions between the processes in DELFT3D. 

TELEMAC2D solves the non-conservative form of the shallow water equations using an un-

structured grid, so the refinement of interested area is applicable without the use of nested 

grids. It considers the propagation of long waves such as surge and tide, including non-

stationary meteorological conditions and any source or sink of momentum within the domain. 

The nonlinear terms in the solved equations are computed with implicitation coefficient ap-

proximated to first order, in this way the continuous equations are transformed into a linear 

discrete system which is solved using an iterative procedure (solver) based on the conjugate 

gradient method. Furthermore, it has the option for coupling the surge-tide, waves 

(TOMAWAC (Benoit, 2003; Benoit et al., 2001) and ARETMIS (Aelbrecht et al., 1997)) and 

sediment transport (SISYPHE(Villaret, 2010)). The Coastal Division of the Federal water-

ways Engineering and Research Institute in Hamburg (BAW) used the TELEMAC2D model 

to simulate the tidal dynamics in the North Sea and in particular, in the German Bight (Plüß, 

2004). This model is utilized in-house to generate the boundary conditions for estuary model-

ling and to estimate tidal and storm surge dynamics. 
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Table 2.1: Comparison of surge-tide models for the North Sea (modified from (Siek, 2011; Takayama, 2002)). 

Country Model‘s Acronym 
Operating and develop-

ing  Institutions 
Model type (Dimension)  Resolution Type of application  Forcing 

Lateral open 

boundary 

Germany BSHcmod 

Federal Maritime and 

Hydrographie Agency of 

Germany 

Bundesamt für 

Seeschiffahrt und 

Hydrographie (BSH) 

3D Baroclinic models cover-

ing North Sea, Baltic Sea 

and English Channel 

Nested grid with size 

of about 10km for 

whole region, while 

1.8km grid size is used 

for the German Bight, 

Kattegat and western 

Baltic Sea. 14 z levels. 

operational 

Once per day to forecast 

T+12h 

Meteoforecast data from glob-

al and local area models of the 

Germany's National Meteoro-

logical Service Deutscher Wet-

terdienst (DWD) with space 

resolution 30km/15km 

14 tidal harmonics 

& external surges, 

calculated by 2D 

Northeast Atlantic 

model & river 

runoff. 

 

BSHsmod 

Water level prediction 

service of BSH for Ger-

man stations 

2D tide-surge model 
10km resolution and 

covers only North Sea 

operational 

Twice per day to fore-

cast T+00h and T+84h 

Tides and DWD meteorolo-

gical forecasts 
 

 TELEMAC2D 

Bundesanstalt für 

Wasserbau Dienststelle 

Hamburg (BAW) 
Developed by (LNHE) 

france  

2D surge-tide model 
Unstructured grid  

covers only North Sea 
scientific 

Recalculations in the context 

of HIPOCAS (Hindcast-

simulations in cooperation 

with the GKSS) 

Tide and external 

surge from Aber-

deen 

Netherlands 

Dutch  Continental Shelf 

Model ( DCSM), based 

on "WAQUA" system 

(renamed to  DELFT3D-

flow) 

Developed by Delft Hy-

draulics and Rijkswater-

staat 

run by KNMI -Koninklijk 

Nederlands Meteorolo-

gisch Instituut (Royal 

Netherland Meteorologi-

cal Institute) and Rijksin-

stituut voor Kust en Zee 

(RIKZ) 

2D tide-surge model cover-

ing northwest Europian shelf  

with Data Assimilation 

(Kalman Filter) 

staggered curvilinear 

grid with approximate-

ly grid size is 8 km. 

operational 

4 times per day 

10m wind and surface pressure 

from KNMI HIRLAM atmos-

pheric model. 

10 tidal harmonics 

and surge elevation 
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Table 2.1: Cont. 

Country Model‘s Acronym 
Operating and develop-

ing  Institutions 
Model type (Dimension)  Resolution Type of application  Forcing 

Lateral open 

boundary 

Denmark MIKE21 

Developed byDanish 

HydraulicInstitute (DHI) 

andrun by DanishMeteor-

ologicalInstitute (DMI) 

2D nestedmodel, cover-

ingNorth 

Sea,Skaggerak,Danish Belts 

andBaltic region. 

3 different grids with 

18 km, 6 km and 2 km. 

operational 

Twice a day to predict at 

the moment and after 36 

h 

10 m wind and atmospheric 

pressure at MSL, from UKMO 

LAM (LimitedAreaModel) are 

used. 

10 tidal consti-

tuents at the area 

from Scotland to 

Norway and in the 

Dover strait 

UK CS3  

Developed by the Proud-

man Oceanographic 

Laboratory (POL) and run 

by UK Meteorological 

Office 

3D tide-surge model. The 

interaction with the tides is 

taken into account 

1/6O longitude and 1/9O 

latitude, 15 z levels. 

Covers northwest 

Europian shelf 48N to 

63N   12W to 13E 

operational 

4 runs per day for 6h 

hindcast + 36h forecast 

Wind and surface atmospheric 

pressure from limited area 

atmospheric model (LAM) of   

the UK Meteorological Office 

15 tidal harmonics 

and external surge, 

which is estimated 

as hydrostatic 

Baltic Sea Baltic 

collaboration 

Sweden 

Finland 

Poland 

Germany 

Denmark 

 

HIROMB 

HIgh Resolution Baro-

clinic Ocean model of 

the Baltic 

Developed by BSH and 

SMHI and based on 3-D 

model of BSH and run by 

SMHI 

3D primitive equation mode 

with 24    layers increasing 

thickness from 4m for the 

surface mixed layer to 60m 

for the deeper layers, includ-

ing an equation of boundary 

layer dynamics and a vis-

cous-plastic ice model. 

Nested grids, with 

22km grid size for 

North Sea and finer 

grid size 5.5km east of 

60 E, 

covered the eastern 

North Sea, Skagerrak, 

Katterat and Baltic Sea 

Daily 48h forecast of sea 

level additionally to 

current, temperature, 

salinity and ice condi-

tion 

Atmospheric pressure, wind 

speed and direction, humidity, 

temperature and cloud cover-

age from HIRLAM at DNMI; 

fresh water inflow from 80 

major river Outlets;  Wind 

waves enhance mixing and 

mass transport in the surface 

layer from outputs of HYPAS 

(Hybrid Parametric wave 

prediction model for Shallow 

water) wind wave model 

The water level at 

open boundary 

between the Atlan-

tic and North Sea, 

produced by coarse 

grid storm surge 

model for the 

northeast Atlantic. 
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2.3.2 Prediction of storm-tides using data-driven models 

Tide-surge interaction at a local scale is very important because it is most apparent in shallow-

water areas where large surges may be generated. The nonlinear interaction between the 

storm-tide components may significantly change the design return period of the design water 

level for coastal defenses against flooding (Siek, 2011). In practice this interaction is difficult 

to describe in terms of analytical models and some knowledge can be gained from the numeri-

cal models (Siek, 2011). Alternative techniques are based on the analysis of the observed data 

characterizing the underlying processes of “storm-tide”. Models using these approaches are 

primarily defined on the basis of relations between system state variables (input, internal and 

output variables) with only a limited knowledge of the details about the physical behaviour of 

the system. Such models are called data-driven models, since the nonlinear interaction is en-

coded naturally in the observed storm-tide data series. During the recent decade, such models 

became quite popular due to the redundant availability of data. The approaches in data-driven 

modelling generally originate from statistical methods and artificial intelligence based ap-

proaches such as Artificial Neural Networks (ANNs).  

a) Statistical methods 

These methods analyze the distribution of the positive and/or negative surges relative to the 

high and low waters from long time series of the observations at certain sites (at least 20 

years). Moreover, statistical modelling exploits large spatial scale variables with a direct or 

indirect link to surge statistics, such as the spatial distribution of monthly sea level pressure 

(Woth, 2006). 

Joseph (2009) examined the individual components of the total water level, namely the wave 

height, tide and surge, across the North Sea. The total water level for each sea state was rarely 

measured (longest duration 20 years at K13 site in the middle of the North Sea (53°13’04”N 

03°13’13”E)) and long duration data sets of such measurements were not readily available. 

The relationship between these components was explored and Monte Carlo simulations meth-

od was proposed to combine the individual components, taking into account their joint proba-

bility. Using the longest data, at K13, the maximum total water level in the 20 year data set is 

10.50 m. extrapolating the total water level measurements to various return periods results in 

Table 2.2: 

Table 2.2: Summary of extrapolated total water levels at K13 (in  the middle of the North Sea), the extrapolated 

total water level (found by fitting a Weibull distribution to the total water level records) (Joseph, 2009).   

 

Monte Carlo  

 

11.86 

15.57 

 

---- 
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Arns and Jensen (2013) investigated the use of a coastal regionalization approach to determine 

extreme water level probabilities, especially for areas where only few or no water level meas-

urements exist. As a case study, the coastline of Schleswig-Holstein in the German Wadden 

Sea was used. The extreme value analyses (EVA) in the German Bight were performed based 

on the Cuxhaven records (1918-2009). The regionalization is based on a numerical multi-

decadal model hindcast of water levels (MIKE 21) for the entire North Sea. Predicted water 

levels from the hindcast are bias-corrected using the information from the available tide gauge 

records. The bias-correction is transferred to the water levels predicted at every coastal and 

island model grid point in the study area. Using the recommendations on conducting extreme 

value analyses, water return levels along the entire northern German coastline are estimated. 

They estimated the heights and occurrence probabilities of extreme events such as floods or 

extreme still water levels. Two direct approaches were used, namely the block maxima (BM) 

method with generalized extreme value distribution (GEV) and the peaks over threshold 

(POT) method with generalized Pareto distribution (GPD). The performance of the GEV and 

the GPD was tested by focusing on the robustness and stability of the particular distribution 

(see Figure 2.16). The stability of the POT method was analyzed by applying the 99.7th per-

centile based threshold, which was identified to be most appropriate for the tide gauges in the 

German Bight. As shown in Arns et al. (2013), the GEV with r = 1 value/yr is stable when a 

long record is used. This behaviour changes from 1938 onwards, when the GEV derived re-

turn water level estimates begin to stagger, with large discrepancies of up to 0.9 m in the re-

sulting return water levels. To obtain reliable and stable return water level estimates for the 

German Bight using the GEV, they recommend using datasets which start in 1937 or earlier. 

The GEV derived return water levels for the period from 1918 to 2008 were considered as 

“reference truth”. The stability of the GPD indicates that, in contrast to all cases of the GEV, 

the GPD leads to very stable return water level estimates until the starting year for the sample 

creation in 1977. Using a sample that does not include the1976s values creates unstable re-

sults leading to lower return water level estimates. With the starting year in 1997 or later, re-

turn water levels increase again. 

Wahl (2012); Wahl, Jensen, & Mudersbach (2011) and Wahl, Mudersbach, et al. (2011) de-

veloped a methodology for exceedance probabilities for storm-tide scenarios based on multi-

variate statistics supported by the knowledge of the physics of the constitutive components 

and their possible superposition. Hereby, effects such as changes in storm induced water lev-

els and storm surge durations, among other effects, are taken into account. The associated 

uncertainties were explicitly considered by using a probabilistic approach. For this analysis, 

tide gauge observations from 1900 until 2010 have been digitized and analyzed. For every 

storm surge curve, 25 parameters are determined, and for each parameter, an (extreme value) 

statistical distribution was assigned. With these results, Monte-Carlo simulations for 

1,000,000 events were performed in order to generate a sample of extreme storm-tide at Cux-

haven (Figure 2.17). The methodology enables to assign joint probabilities for both, observed 

and synthetic storm-tide events, which are used for the calculation of failure probabilities of 

flood defense structures and the probability of flooding. As shown in Figure 2.17, the parame-

ters “highest turning point” (S) and “intensity/fullness” (F) were used, which were also con-

sidered for the statistical assessment of the simulation results. The rank correlation (Kendall’s 
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RC) is found to be RC= 0.43[−] for the observations and RC= 0.44[−] for the simulation re-

sults at Cuxhaven. This highlights that the stochastic storm-tide model leads to reasonable 

results. In a further step by Wahl et al. (2015), all relevant loading parameters for coastal 

structures along the German North Sea coastline (i.e. storm surge and wave parameters) were 

jointly analyzed with different multivariate statistical models. A trivariate fully nested Archi-

medean Copula model was constructed to additionally include relevant wave parameters in 

the statistical assessment. Here, the significant wave height was chosen as a representative 

wave parameter. It was jointly analyzed with the two important storm surge parameters for 

Westerland on the west side of Sylt Island. 

 

Figure 2.16: Stability of GPD (U0=99.7th perc.) and GEV (r=1 val/yr) estimates at Cuxhaven station(Arns & 

Jensen, 2013). 

b) Neural network based simulation of storm-tides 

Traditional methods such as harmonic analysis, least mean squares method, and hydrodynam-

ic models have disadvantages in that they require excessive data, are time consuming, and are 

tedious to carry out (Rakshith et al., 2014). In the last two decades, Artificial Neural Networks 

(ANNs) have been widely applied in coastal engineering (i) for solving various problems re-

lated to time series forecasting of water levels, waves and tides, (ii) for predicting sea-bed 

liquefaction and scour depth and (iii) for estimating design parameters of coastal and marine 

structures. The ability of ANNs to learn highly complex interrelationship based on observed 

data sets by means of learning algorithms (along with built-in error tolerance and less required 

data) makes them a powerful data-driven modelling tool in the research community (Rakshith 

et al., 2014) with advantageous capabilities such as nonlinearity, adaptivity, function approx-

imation and parallel information processing mechanism (Haykin, 1999). 
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Figure 2.17: Results from simulating 10 million storm surges, represented by the parameters “highest turning 

point” and “intensity” for the tide gauges of Cuxhaven and selected high resolution and stochastically 

simulated storm surge curves (right) (Wahl, Mudersbach, et al., 2011). 

Prouty et al. (2008) developed an ANNs to predict storm surge magnitudes and arrival times 

at selected locations in the North Sea. The model predicts storm surges based solely on past 

measured surge residuals at one or more tidal stations. The research focuses on the perfor-

mance of the model at the Sheerness tide station near the entrance of the River Thames in the 

UK. The ANN uses input from both the target station and an additional station located where 

the peak of the storm surge has just passed to take advantage of the specificity of surge propa-

gation in the North Sea. The ANN was trained to relate surge at the primary station from 

measured surge at a secondary station. The optimal secondary location was correlated to the 

forecast interval and the storm surge’s propagation time between the secondary and primary 

station. Moreover, they used ANN ensembles to reduce variance and minimize error. The en-

semble forecasting method averages results from multiple ANN models trained based on dif-

ferent model initializations. A significant result of this research was the ANN’s ability to ac-

curately predict maximum water surface elevations. A single ANN model had a 4-hour fore-

cast error of 0.017 m, while a simple [1,1] ensemble model using 20 repetitions performed 

better with an average 4-hour forecast error of 0.008 m. When over-training is included to 

reduce the model bias, the error is further reduced to 0.004 m. ANN ensemble model perfor-

mances for predicting maximum storm surge were however less impressive. Best results were 

obtained for ensembles of [30,1] models with an average 4-hour forecast error of 0.68 m. 

Bajo and Umgiesser (2010) developed an operational surge forecast system based on a com-

bination of hydrodynamic model and ANN model in order to improve predictions at Venice 

(Figure 2.18). In their study the hydrodynamic model provides a five-day forecast for the 

Mediterranean Sea (so the ANN is only used for short-term prediction improvement). Then, 
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results near Venice are extracted and improved using a neural network. They consider the 

total water level as the sum of the surge and of the astronomic tide. The tide-surge nonlinear 

interaction and wave set-up were not computed in the operational system. Their method re-

duced by half the average error of the hydrodynamic model for the first day forecast and 

maintains good performances also for longer forecasts (up to 3 days). 

Siek and Solomatine (2011) developed a real-time data assimilation technique using Nonline-

ar AutoRegressive with eXogenous inputs (NARX) neural network to re-analyze and improve 

chaotic model forecasts in the North Sea. The chaotic model with data assimilation has 

demonstrated a pronounced capability for reliable and accurate forecasting that outperforms 

standard chaotic model, ANN (MLP) model and the European numerical storm surge models. 

For 48-hours ahead forecasting at Hoek van Holland station during stormy period 

(RMSE=2.43 cm see Table 2.3), the chaotic models with NARX data assimilation (every 6 

hours) outperforms the standard chaotic model (RMSE=15.21 cm) and the KNMI numerical 

model with ensemble Kalman filter (EnKf) data assimilation (RMSE=11.62 cm). 

 

Figure 2.18: Diagram of the operational chain. The Shallow water HYdrodynamic Finite Element Model 

(SHYFEM) is applied on two different grids. Between the two simulations the artificial neural net-

work (ANN) is applied to correct the results of the first simulation at Acqua Alta (CNR platform) 

close to Vince lagoon (Bajo & Umgiesser, 2010). 
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Shreenivas and Pradnya (2012) predicted the water levels with a lead time of few hours to a 

day using the technique of artificial neural networks. Instead of using the previous and current 

values of observed water level time series directly as input and output, the water level anoma-

ly (difference between the observed water level and harmonically predicted tidal level) is cal-

culated for each hour and the ANN model was developed using this time series. The network 

predicted anomaly is then added to harmonic tidal level to predict the water levels. The exer-

cise is carried out at six locations, two in The Gulf of Mexico, two in The Gulf of Maine and 

two in The Gulf of Alaska along the USA coastline. The ANN models performed reasonably 

well for all forecasting intervals at all the locations. The ANN models were also run in real 

time mode for a period of eight months. Considering the hurricane season in Gulf of Mexico 

the models were also tested particularly during hurricanes. 

Table 2.3: Performance comparison of the 48-hours ahead chaotic model forecasts for different frequency of data 

assimilation using NARX neural network (Siek & Solomatine, 2011). 

 

An innovative approach of artificial neural networks (ANN) was used by Pashova et al. 

(2013) as a nonparametric modeling framework for the nonlinear sea level forecasting and 

filling the missing values in the daily sea level series. They developed two types of the artifi-

cial neural network (ANN) architectures FeedForward Backpropagation (FFBP) and recurrent 

Echo state network (ESN). In some cases, the ANN can be used as an alternative to the tradi-

tional methods, for filling in missing values in the time series. The sea level data are derived 

from the records spanning a 5-years of the tide gauge Burgas, which is located on the western 

Black Sea coast. Most of the data gaps include time periods from 1 to 3-4 days up to 1 to 3 

weeks. The achieved results have shown that the performance of ANN models is better than 

that of the conventional numerical models and that they are very promising for the real-time 

filling of missing data in the time series. 

Rakshith et al. (2014) predicted water level at Karwar, located at the west coast of India, using 

Non-linear Auto Regressive eXogenous input (NARX). It has the advantage that generated 

output is fed back to the network input creating a loop. Conceptually, it differs than static 

ANN in the fact that it uses the target given to it also as an input. Predictions were carried out 

for various  prediction durations using the weekly and monthly data sets. It was found that at 

Karwar, one year ’s prediction can be successfully carried out using one month data as an in-

put with correlation coefficient (‘CC’) greater than 0.97 (see Table 2.4). The developed model 

was further applied to predict water level at New Mangalore Port Trust, Panambore, along the 
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west coast of India, which is 260 km south of Karwar. The results with ‘CC’ value greater 

than 0.96 are encouraging. 

Table 2.4: Mean square error ‘mse’ in cm and correlation coefficient ‘CC’ values for water level predictions of 

one month, 3, 6, and 12 months’ duration using one month water level as input. Network structure re-

fers to input-neurons, hidden-neurons and number of predicted months (Rakshith et al., 2014).  

 

The operational surge-tide models developed and implemented in different countries for the 

North Sea are comparatively shown in Table 2.1. Most of these models use nested grids and 

finite difference discretization to represent the modelled area, requiring more computation 

time and resources. Recently, a number of advances on numerical storm-tide models have 

been achieved including: parallel processing (provide possibility of simulation on multipro-

cessor PCs in reasonable time), refining computational grids and using improved numerical 

schemes. These advances were applied successfully to TELEMAC2D (unstructured grid) and 

DELFT3D (curvilinear grid). Moreover, these models can integrate wave models to account 

for wave-induced setup due to its importance in storm-tide estimation for sites with depth less 

than 10 m inside the surf zone. The BAW in Hamburg used the TELEMAC2D model to simu-

late surge and tidal dynamics in the North Sea and in particular, the German Bight (Plüß, 

2004). This may provide the mesh grid, bathymetry, boundary conditions data and support 

which are required to setup the North Sea model for this study. Therefore, the CFD model 

TELEMAC2D is an appropriate candidate among the free open-source tools that can be used 

as part of storm-tide prediction at the interested sites (Cuxhaven and Sylt). 

The contribution of the mutual interactions between the various components of extreme 

storm-tide still remains the most unknown, despite the now routine approximating the nonlin-

ear interaction between tide, external surge and internal surge component in the current nu-

merical storm-tide models. The numerical models are based on vertically integrated hydrody-

namic equations governing the flow in the sea. These models are discretized either by finite 

differences or finite elements. The nonlinear momentum advection terms, nonlinear bottom 

stress effects, and/or nonlinear shallow water effects are either approximated or omitted. This 

treatment of the nonlinear terms has been shown to overestimate the maximum water level, 

and to incorrectly predict the time of its arrival (Higaki et al., 2009)(DERM, 2009). Statistical 

and ANNs models (data-driven models (DDMs)) have been widely applied in coastal engi-

neering in the last two decades for solving various problems related to time series forecasting 

of water levels. DDMs became quite popular due to the redundant availability of observed 

data. Moreover, the nonlinear interaction is encoded naturally in the observed storm-tide data 

series, which are used for training or data fitting by DDMs.  

CC 
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Statistical models require long time series of observed water level data (generally more than 

20 years), which is usually not available for all coastal sites, especially in the developing 

countries. Furthermore, serious difficulties arise from the non-steadiness of the processes in-

volved and from the problems associated with extrapolation of observations to 10-2-10-5 

years of extreme events with statistical distributions without any physical base. It is well 

known that decisions based on wrong numbers resulting from sophisticated analyses (e.g. ex-

treme value theory and multivariate analysis)  without physically-based support may represent 

an additional hazard (Oumeraci, 2004). 

Artificial  neural networks (ANNs), which are able to approximate implicitly any non-linear 

mathematical functions (Hornik, 1993), allow plausible simulations of complex systems’ be-

haviour without any preceding knowledge of the internal relations among their components 

(Haykin, 1999). Static ANNs were applied for water level and storm surge prediction (Bajo & 

Umgiesser, 2010; Pashova et al., 2013; Prouty et al., 2008) for short term periods (up to one 

month), provided that a reasonably large amount of good quality observed data are collected. 

On the other hand, dynamic ANNs such as NARX networks were used for long term predic-

tions of storm-tides, e.g. one year prediction using only one month as input (Rakshith et al., 

2014). NARX has the advantage to feed back the generated output into the network input cre-

ating a loop. Conceptually, as the target output is assigned, also as a delayed input, this im-

proves the NARX predictably for long-term periods. Siek (2011) found that the chaotic model 

with NARX data assimilation has demonstrated a significant capability for storm-tide fore-

casting that outperforms standard chaotic models, ANN (static) models and the European nu-

merical storm surge models. 

The aforementioned existing methods have a number of advantages and disadvantages, thus 

providing opportunities and space for improvements. So in this research, a combination of the 

strengths of ANN methodology (NARX models) with those of numerical modelling (TE-

LEMAC2D) can provide a powerful and computationally efficient operational model system 

for storm-tide prediction at selected sites (Cuxhaven and Sylt). In this way, the nonlinear in-

teraction of the different extreme storm-tide components is considered implicitly and corrects 

the substantial errors in both magnitude and timing of the peak extreme surge water level. 

Moreover, this combination will reduce the amount of training data for NARX models. 

2.4 Summary and Implications for the PhD Study 

As depicted in Figure 2.15, extreme storm-tide components can be classified into three cate-

gories based on the forcing responsible for their generation:  meteorological factors, determin-

istic factors and local factors in a shallow water region. Moreover, the external surges that are 

generated outside and then propagate into the North Sea contribute also nonlinearly to the 

resulting extreme storm-tide level.  

On the southern boundary of the North Sea area, the fresh water discharges of the four main 

rivers (Westerschelde, Ems, Weser, and Elbe) have approximately no effect on the water level 

in the German Bight especially for smaller river discharges (Jensen et al., 2003). The storm 
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surge, tide and external surge components have the largest contribution to the observed storm-

tide in the North Sea area especially inside the German Bight. The wave setup is primarily 

present in and near the coastal surf zone. So, the wave setup has approximately no contribu-

tion outside the surf zone to the water level. The selected two sites for this study (Cuxhaven 

and Sylt) are located far outside of the surf zone with water depth greater than 20 m. Hence, 

the contribution of the wave setup to the observed storm-tide at both sites is almost negligible 

in such a large water depth. Furthermore, the time scale of bathymetry evolution is getting 

longer and its effect is smaller as the water is getting deeper i.e. more than 10 m (Woth, 2006; 

Gaslikova et al., 2013). Therefore, for such large water depths the future changes in today’s 

bathymetry do not need to be taken into account in storm-tide simulations. 

The mean sea level is expected to increase with approximately 0.20±0.03 m in year 2092 

(Wahl et al., 2013; Mudersbach et al., 2012) with respect to the MSL (1991-2000) of 0.121 m 

and 0.027 m at Cuxhaven and Sylt, respectively. Moreover, the expected sea level rise can be 

linearly superimposed on the predicted storm-tide as the water depth is larger than 10 m 

(Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; Howard et al., 2010; Gaslikova et al., 

2013). 

Currently, the nature of the mutual nonlinear interactions between all components of the ex-

treme storm-tide cannot yet be solved by conventional numerical models or statistical models 

alone. The numerical models are discretized either by finite difference or finite element with 

the nonlinear terms are approximated. This treatment of the nonlinear terms has been shown 

to overestimate the maximum water level, and to incorrectly predict the time of its arrival 

(Higaki et al., 2009)(DERM, 2009). On other hand, the statistical models require long time 

series of observed water level data (more than 20 years), which is usually not available for all 

coastal sites, especially in developing countries. Furthermore, It is well known that decisions 

based in wrong numbers resulting from sophisticated analyses (e.g. extreme value theory and 

multivariate analysis) may represent an additional hazard (Oumeraci, 2004). In a number of 

other studies, Artificial Neural Networks (ANNs) have been successfully employed for the 

prediction of water levels, waves and storm surge for short-term periods (Bajo & Umgiesser, 

2010; Makarynskyy et al., 2004; Mandal & Prabaharan, 2006; Prouty et al., 2008; Tissot et 

al., 2002). These studies emphasize the ability of ANNs to improve predictions as compared 

to the hydrodynamic/statistical models. However, predictability of any static ANNs model has 

limitations, especially for long-term predictions (non-stationary processes). 

The dynamic ANNs such as NARX networks were used for long term prediction of storm-tide 

e.g. one year prediction using only one month as input (Rakshith et al., 2014). They have 

powerful dynamical representational capabilities (Lin et al., 1996).  

The combination of the strengths of ANN methodology (NARX models) with those of numer-

ical modelling (TELEMAC2D and TOMAWAC) may provide a powerful and computational-

ly efficient operational model system for storm-tide prediction at interested sites (Cuxhaven 

and Sylt). This combination can reduce the amount of training data required for the NARX 

model and also account for the nonlinear interaction among all storm-tide components. 
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2.5 Specification of Objectives and Methodology 

In this PhD study, a hybrid modelling approach for storm-tide predictions will be developed 

by combining knowledge-based numerical models (NM) and data-driven models (DDMs). 

This approach focuses on using the best features of these models for simulations at almost-

real-time. Based on the results of the state of the art review, particularly those related to the 

strengths and limitations of the hydrodynamic models and (DDMs), the research methodology 

is specified more precisely to achieve the objectives of the PhD study including: 

(i) Development of the hybrid (TELEMAC-NARX) models as exemplarily for the in-

terested two sites in the German Bight (Cuxhaven and Sylt) to predict extreme 

storm-tide accurately, which account for the high nonlinearity between the con-

tributing components (Figure 2.15). The results from TELEMAC will be included 

as input for the NARX model, thus consequently reducing the amount of the data 

required for NARX training. 

(ii) Development of a relational NARX model to retrieve missing water level data at 

one site (e.g. Sylt) using available observed water level data at a neighbouring site 

(e.g. Cuxhaven), which will acquire implicitly the nonlinear relationship between 

the recovered site (Sylt) and the source site (Cuxhaven).  

(iii) Estimation of the extreme storm-tide, which is physically possible in the 21
st
 cen-

tury, by considering the effects of future climate change projection (e.g. between 

2070 and 2100) and relative mean sea level rise using the developed hybrid TE-

LEMAC-NARX model system, exemplarily for the two selected sites in the Ger-

man Bight (Cuxhaven and Sylt). 

Figure 2.19 shows an overview of the specified methodology adopted in this research study, 

which may be summarized as follows: 

 State of the art review: A comprehensive analysis of the current knowledge is con-

ducted to identify the knowledge gaps, missing components and shortcomings of the 

existing storm-tide modelling techniques. This also includes the classification of ex-

treme storm-tide components as a basis for the understanding of process involved in 

the nonlinear interaction and its generation. Based on the results obtained from the 

analysis of the available knowledge, the models that can be used for building the new 

hybrid system are determined. TELEMAC system is chosen for the numerical model-

ling of storm-tide over the North Sea, while the nonlinear interaction between compo-

nents is complemented using two NARX models at Cuxhaven and Sylt (See previous 

sections of this chapter). 

 Installation, validation and configuration of the CFD model system (TELEMAC): The 

cooperation with BAW and Helmholtz zentrum Geesthacht (HZG) are established 

successfully to provide the bathymetry grid, boundary conditions and meteorological 

data for the North Sea area during past (1970-2007) and future (2070-2100). The in-

stallation and configuration of TELEMAC system version 6p2 will be performed in 

order to run in parallel mode on the Intel 8 cores computer “erebos1” that is provided 

by BAW as a computational support. The flow and wave propagation over the North 
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Sea will be simulated using the chosen flow model TELEMAC2D and the wave prop-

agation model TOMAWAC, which includes a detailed validation against field meas-

urements obtained at different sites within the interested area (German Bight).  

 Development of hybrid modelling approach: Based on the capabilities shown by 

NARX models for extreme water level prediction (see Section 2.3.2(b)), the hybrid 

modelling approach will be developed and implemented as follows: 

- Development of the new hybrid TELEMAC-NARX model: two types of models 

(Types A &B) for hindcasting the extreme water levels (1970-2007) will be 

developed for Cuxhaven and Sylt: (i) using NARX neural network model alone 

(Type-A), (ii) combining the NARX models with hydrodynamic numeric mod-

els (TELEMAC2D and TOMAWAC) (Type-B). Ensembles methods of Types 

A and B (hybrid TELEMAC-NARX) models will be developed to reduce the 

variance and to minimize errors, especially for extreme storm-tide events. The 

observed water level data series are used for the NARX training process, so 

these data naturally contains the relevant information about the nonlinear inter-

action of extreme storm-tide components. The ensemble models are able to ex-

tract the contribution of the nonlinear interaction between the different extreme 

storm-tide components at both sites by subtracting the results of the hydrody-

namic models (linear superposition of each storm-tide components) from the 

ensemble results.  

- Development of the relational NARX model: to retrieve missing data at Sylt us-

ing observed water level from Cuxhaven (2000-2007), a NARX model will be 

developed to account for the differences in the nonlinear phase and amplitude 

of water level between the two sites (principally due to the storm surge, tide 

and external surge). Especially, the two sites are separated by a distance of 

more than one hundred kilometers, and both sites are affected by the same 

storms and storm-tide components. 

Prediction of extreme storm-tide in the 21
st
 century under the projected climatic change: The 

developed hybrid TELEMAC-NARX model system is exemplarily used for two sites in the 

German Bight (Cuxhaven and Sylt). This is to illustrate its capability to estimate the effects of 

future climate change projections (e.g.between 2070 and 2100) and of the relative mean sea 

level rise on the storm-tide. As global circulation models (GCMs) show systematic errors (bi-

as) between the hindcast and control surge predictions (1960-1990) (Woth, 2006), the differ-

ence between the mean of future and control simulations at both sites will represent the re-

sponse of the storm-tides to the applied emission scenario (A1B_2). This difference and the 

expected relative Mean Sea Level rise (RMSLr) at both sites are linearly added to the mean of 

hindcasted storm-tide by the hybrid model (1970-2000), which represents the highest possible 

extreme storm-tide in the 21
st
 century. 
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Figure 2.19: Specified methodology of the PhD study. 
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3 Storm-tide simulations using the numerical models “TELEM-

AC2D and TOMAWAC“ for the North Sea 

Numerical models have great importance in the studies that are dealing with coastal develop-

ment and coastal zone management. They may be considered as valuable modelling tools for 

decision-making and for an improved understanding of the physical processes observed in the 

North Sea such as those associated with storm-tides. The variety of applications (e.g. design 

and operation of coastal defenses against flooding, offshore structures for gas and oil extrac-

tion, ocean wave energy devices) is reflected in the importance of understanding, physically 

simulating and numerically predicting the effects due to storm surge, waves and tidal forcing. 

Based on the results obtained from the analysis of the available knowledge (chapter 2), the 

models that can be used for building the new hybrid system are TELEMAC model system for 

the numerical modelling of storm-tide over the North Sea, while the nonlinear interaction be-

tween components is complemented using two NARX models at Cuxhaven and Sylt (chapter 

4). Therefore, the objectives of this chapter are  

(i) to introduce the TELEMAC model system as an operational modelling tool for the 

hydrodynamic and wave propagation over the North Sea using the flow model 

TELEMAC2D (Hervouet, 2007; Hervouet & Van Haren, 1994) and the wave 

propagation model TOMAWAC (Benoit, 2003; Benoit et al., 2001), respectively, 

and  

(ii) to carry out simulations of storm-tides in the North Sea using both flow and wave 

models, including a detailed validation against field measurements obtained at dif-

ferent sites within the study areas in the German Bight. 

To achieve the first objective, the theoretical background and the main features of both flow 

and wave models are briefly outlined, including a brief overview of the governing equations 

and the definition of different input and output files. The second objective is achieved through 

the preparation of the required input data and the setup for both models as well as through the 

comparison between the calculated results and the dataset available at different sites in the 

German Bight (Cuxhaven, Sylt and Helgoland). 

3.1 Theoretical background and description of the numerical models used 

for the storm-tide simulations in the North Sea 

3.1.1 An introduction to the TELEMAC model system 

The storm-tide in the German Bight, which is located in the southeastern part of the North 

Sea, is dominated by storm surges, tide, external surges and other physical processes (see Fig-

ure 2.15). Therefore, the transfer of waves, tides and external surges from offshore to the 

coastline, with the aim of assessing the effect of offshore processes on local storm surges, 
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nearshore waves and rivers discharge, should be conducted using state-of-the-art numerical 

models. The modeling system TELEMAC (Hervouet, 2007) is capable of simulating various 

processes separately or simultaneously for free-surface flow, wind wave propagation and fur-

ther related problems. TELEMAC simulates these processes using finite element or finite-

volume methods on an unstructured grid. Hence, areas of special interest can be refined, 

which reduce the computational time and increase representation of the area geometry. So, 

this allows the modeler to avoid the need of the systematic use of embedded models, as it is 

for instance the case with the finite-difference models. 

TELEMAC was developed by the National Hydraulics and Environmental Laboratory (La-

bouratoire National d'Hydraulique et Environment- LNHE) of the Research and Development 

Directorate of France Electricity Board (EDF-DRD). It is designed for the use in fields of free 

surface hydrodynamics, sedimentology, water quality, waves and underground flows. TE-

LEMAC consists of several numerical models (see Figure 3.1), which are one-, two- and 

three-dimensional. The numerical algorithms of TELEMAC are stored in a single FE-library 

(Bibliothµeque d'Elements Finis (BIEF)) that is shared by all models. This provides the fol-

lowing features: 

 Consistency is ensured throughout the entire TELEMAC system, thus allowing mod-

els to be coupled internally and externally. 

 The user is offered a set of subroutines that are specific to each model. These subrou-

tines are all in FORTRAN90 and may be easily modified to meet the users’ specific 

requirements: prescription of initial conditions or complex boundary conditions, intro-

duction of new functions, coupling with other modelling systems. 

 The improvement of codes are suitable for users without getting into the basic details 

of finite element algorithms (i.e. programing abstraction). 

 A parallel version is available for use on multiprocessor computers or clusters of 

workstations (automatic domain breakdown operations). 

The pre- and post-processing tools (Figure 3.1), which can be utilized with or embedded in 

TELEMAC, are particularly powerful and they normally feature a Graphical User Interface 

(GUI). The FUDAA-PREPRO software (developed from the FUDAA platform by the Re-

search, Computing and Modelling Department of CETMEF) is a complement to the TE-

LEMAC system, which covers most of the pre-processing tasks and the basic graphical output 

of the results. The grid generator MATISSE is embedded in TELEMAC. Other pre-processors 

like JANET (developed by smile consult GmbH, Hannover) and Blue-Kenue (developed by 

the National Research Council (NRC), Canada) can also be used for grid generation, in which 

case the STBTEL module of TELEMAC acts as interface to import the generated mesh. The 

model results can be processed using Mermaid Matlab Tools 

(http://www.mathworks.com/matlabcentral/fileexchange/25021-telemac-tools) and other post-

processors like DAVIT (developed from smile consult GmbH, Hannover). 
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TELEMAC has been open source since July 2010 and can be downloaded from the internet 

site (http://opentelemac.org), so it can be compiled and run on both UNIX and Intel computers 

under Windows operating system. For the purpose of this thesis, the source code of TELEM-

AC version 6p2 was downloaded and compiled to run the simulations in 64-bit processing 

under “windows7 64 bit as operating system” in parallel mode  (Tayel & Oumeraci, 2012a). It 

has been installed on the Intel 8 cores computer “erebos1” that is provided by the Federal Wa-

terways Engineering and Research Institute (BAW) as a computational support. The hydrody-

namics and wave propagation over the North Sea are simulated using the flow model TE-

LEMAC2D and the wave model TOMAWAC, respectively. 

3.1.2 Flow model TELEMAC2D 

a) Governing equations 

TELEMAC2D uses the Finite Element (FE) technique to solve the non-conservative form of 

shallow water equations, also called the Saint-Venant equations (first derived by him in 

1871). The Saint-Venant equations are a depth-averaged simplification of the full three-

dimensional Navier-Stokes equations. The major assumptions may be summarized as follows: 

(i) the fluid is Newtonian, incompressible and vertically homogeneous, (ii) the pressure distri-

bution is hydrostatic. These equations apply when the horizontal length scale is much larger 

than the vertical length scale. The continuity (Eq. (3.1)) and momentum equations (Eq. (3.2) 

and (3.3)) are written with the water depth (h) and flow velocity components (u,v) averaged 

on the vertical dimension (z) as the unknown terms (Ata & Hervouet, 2012; Hervouet, 2007) 

but the transport of a passive tracer (T) (Eq. (3.4)) and turbulence (k
*
- model Eq. (3.5) and 

(3.6)) can be also taken into consideration. 

 ∂h

∂t
+u⃗⃗.∇⃗⃗⃗(h)+hdiv(u⃗⃗)=Sh                                     continuity  (3.1) 

 ∂u

∂t
+u⃗⃗.∇⃗⃗⃗(u)=-g

∂Z

∂x
+Sx+

1

h
div(hνt∇⃗⃗⃗u)              momentum along x (3.2) 

 ∂v

∂t
+u⃗⃗.∇⃗⃗⃗(v)=-g

∂Z

∂y
+Sy+

1

h
div(hνt∇⃗⃗⃗v)               momentum along y (3.3) 

 ∂T

∂t
+u⃗⃗.∇⃗⃗⃗(T)=ST+

1

h
div(hνT∇⃗⃗⃗T)                           tracer conservation (3.4) 

where u and v are velocity components (m/s) in x and y directions, u⃗⃗ is the velocity vector 

u⃗⃗=(u,v), h is the depth (m), T is the passive (non-buoyant) tracer (g/l), vt and vT are the coef-
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ficients of momentum and tracer diffusion, respectively (m
2
/s), g is the gravitational accelera-

tion (m/s
2
), t is the time (s), z is the elevation of free surface (m), Sh is the source or sink of 

fluid (m/s), ST is the source or sink of tracer (g/l/s), Sx and Sy are some source or sink term of 

the momentum in u and v (m/s
2
), respectively, which may include friction, Coriolis, and wind 

force. 

 

Figure 3.1: Organisation structure of the TELEMAC modelling system. 

The turbulence in an estuary, which intensifies diffusion, is the key factor that causes mixing 

of inflowing fresh water and seawater. This turbulence is generated by currents arising from 

river flow, tides, or both (Ramachandran, 2010). Turbulent viscosity may be given in TE-
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LEMAC2D by the user or is determined by a model simulating the transport of turbulent 

quantities k
*
 (turbulent kinetic energy) and  (turbulent dissipation), for which the equations 

are as follows (Ata & Hervouet, 2012; Hervouet, 2007): 

 ∂k*

∂t
+u⃗⃗.∇⃗⃗⃗(k*)=

1

h
div (h

νt

σk*
∇⃗⃗⃗k*)+P-+Pk*v (3.5) 

 ∂

∂t
+u⃗⃗.∇⃗⃗⃗()=

1

h
div (h

νt

σ
∇⃗⃗⃗k*

)+


k* (C1P-C2)+Pv  (3.6) 

b) Numerical resolution schemes 

TELEMAC2D solves the equations on an unstructured grid using the spatial discretization of 

triangular elements with a finite element method. The equations are discretized in space by 

decomposing the unknown variables into linear functions. Although the formulation of the 

equations is non-conservative, the discretization ensures an exact conservation of the water 

mass (Chini, 2012; Hervouet, 2007). There are two principal options for the equations resolu-

tion: 

1. coupled method: the continuity equation and the momentum equation are treated sim-

ultaneously, or 

2. wave equation method: the velocity components are eliminated from the continuity 

equation (using a value obtained from the momentum equation) in order to get a wave 

equation only depending on the water depth. This technique increases the calculation 

speed but has the disadvantage of smoothing the results. 

Based on the equations solved, TELEMAC2D can consider the propagation of long waves 

such as surge and tide, including an approximation of the non-linear interaction between them. 

The numerical solution of these equations is based upon the fractional step method with two 

steps: (i) Advection and (ii) Propagation, diffusion and source terms (representing the wind, 

Coriolis force, bottom friction and any source or sink of momentum within the domain) (Ata 

& Hervouet, 2012). The main choice concerns the schemes used for solving the advection step 

such as method of characteristics and Streamline Upwind Petrov Galerkin method (SUPG). 

The propagation, diffusion and source terms are then used to compute the final state at the end 

of each time step, where a semi-implicit time discretization allows the elimination of the non-

linearity in the equations. The nonlinear terms are computed with implicitation coefficient θ in 

the propagation step, according to Eq. (3.7) (Galland et al., 1991).  

 f = θfn+1 + (1- θ)fn (3.7) 

rate of change 
convection 

diffusion production and destruction 
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Therefore, the continuous equations are transformed into a linear discrete system which is 

solved using an iterative procedure (solver) based on the conjugate gradient method. The 

solver is used for the hydrodynamic propagation step, the tracer diffusion step and solving the 

turbulence model system. 

c) Courant Number Management  

The quality of the simulation results is influenced considerably by the value of the Courant 

number, which is the number of grid cells crossed by a water particle during a time step, cr = 

CΔt / Δx , where C is the propagation velocity. Experience shows that if the Courant number 

is above 7 or 8, the accuracy of the results will decrease. It is hard to keep the value of the 

Courant number under 7, especially in sea models with a large tidal range, so that TELEM-

AC2D can automatically executes intermediate time steps in order to keep it below a given 

value specified by the user. 

d) Turbulence modelling 

TELEMAC2D provides four options of different complexity for turbulence modelling. The 

simplest option is to set a constant viscosity coefficient. In other hand, the Elder’s model (El-

der, 1959) assumes a non-isotropic velocity dependent depth mean viscosity value (in the flow 

direction and the direction normal to the flow) (Chini, 2012). The third option involves using 

a k
*
- model that solves the transport equations for k

*
 (turbulent energy) and  (turbulent dis-

sipation). Equations (Eq. (3.5) and (3.6)) are solved by a fractional step method, with convec-

tion of turbulent variables being processed at the same time as the hydrodynamic variables, 

while the diffusion and production-dissipation of k
*
 and  are being processed in another step. 

Use of the k
*
- model requires a finer mesh than the constant viscosity model and thus in-

creases the required computation time. 

e) Treatment of bottom friction 

Bottom friction is a major unknown in environmental studies and can be represented empiri-

cally (Hervouet, 2007). It can be modeled in TELEMAC2D using a linear or nonlinear law.  

Linear law: it is rarely applied because it does not represent real physics as the friction forces 

are generally a quadratic function of the velocity. 

nonlinear laws of friction: the friction stress (τ⃗⃗) (see Eq. (3.8)) is in the direction of the current 

and can be represented as follow: 

 τ⃗⃗= -ρ
cf
2
|u|u⃗⃗ (3.8) 
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Friction coefficient Cf is rarely used. It is usually replaced by other coefficients such as Chezy 

coefficient Cc, which is related to Cf by Cc=
2 g

Cf
  (unit: m

1/2
 s

-1
). The friction force at the bottom 

Ff is equal 
1

ρh
τ⃗⃗.nf⃗⃗⃗⃗ , where nf⃗⃗⃗⃗  is the normal vector to the bottom and its positive magnitude is 

equal to the cosine reciprocal of the steepest slope at a point (1/cos()).The friction law of 

Chezy was established for a uniform flow but it is extended to all types of flow (Hervouet, 

2007). We get the following Chezy formula for the shear force at the bottom: 

 Ff=-
1

cos()

g

hCc
2 |u|u⃗⃗              (3.9) 

TELEMAC2D can use also other coefficients such as Manning and Strickler (see Hervouet, 

2007). 

f) Treatment of tidal flats 

Tidal flats are the areas besides the estuary that are periodically become dry or wet depending 

on the propagation of tides and storm surges, or flooding wave. Three methods are proposed 

in TELEMAC2D to take into account the presence of tidal flats in the computational domain. 

In the first method, the tidal flats are detected and the free surface gradient (- g∇⃗⃗⃗(Z)) is cor-

rected. In the second method, the tidal flat areas are removed from the computation domain. In 

the third method, processing is performed in the same way as in the first method, but a porosi-

ty term is added to half-dry mesh elements inside the tidal flat area. Therefore, it can avoid the 

generation of parasitic driving terms that should not be included, which appear in the areas of 

tidal flats from forces like the gradient of atmospheric pressure. 

g) Model inputs  

- Simulation control panel 

TELEMAC2D reads the physical and numerical inputs given by the user in the “steering file”, 

which is the control panel of the model simulation. The steering file comprises a number of 

keywords with their values, which are assigned according to the appropriate physical condi-

tions of the modeled area. During a computation, TELEMAC2D uses a series of input and 

output files. Therefore, the steering file has also the links to external files.The complete list of 

all files are presented in TELEMAC2D manual (Ata & Hervouet, 2012).  

-  Geometry mesh file 

TELEMAC2D requires as main input also a finite element mesh of triangle grid elements, 

which have the bathymetric data at each node covering the area to be modelled. Therefore, the 
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creation of bathymetry mesh is the first step to be taken during the modelling process in order 

to define the nodes where the computation of the model variables takes place. 

- Prescription of initial conditions 

Initial conditions describe the model state at the start of simulation with time t=0 s. TELEM-

AC2D provides a continued computation; so the initial state is the last time step of the result 

file of the previous computation. In other cases, the initial state must be defined by the user. 

The simplest is done using keywords in the “steering file”, or by programming in more so-

phisticated ones.  

- Prescription of boundary conditions 

The boundary conditions of the study domain can either be liquid or solid. The solid boundary 

is impermeable, which does not allow discharge across the boundary. That can be written as: 

 u⃗⃗.ns⃗⃗ ⃗⃗ =0 (3.10) 

where ns⃗⃗ ⃗⃗  is the normal vector of the solid boundary. 

The liquid boundary supposes the existence of fluid domain that does not form part of the 

calculation domain but one that can influence it. This influence has to be translated into 

boundary conditions, which are prescribed by the user for each point in a liquid boundary. 

They concern the dependent variables of TELEMAC2D: water depth, the two components of 

velocity (or flowrate) and the tracer. In other hand, the boundary conditions of k
*
 and Epsilon 

variables in the turbulence model are determined by TELEMAC2D. 

In some cases, all the necessary information concerning the boundary conditions is not availa-

ble. This is usual for coastal domains where only the values of the sea level on several points 

are known. This kind of model is referred to as an “under-constrained” model. To solve this 

problem, the Thompson method uses the method of characteristics to calculate the missing 

values. For example, TELEMAC2D will compute the velocity at the boundary in the case of a 

prescribed elevation. 

The Thompson method can also be used for “over-constrained” models (too much information 

specified at the boundary). If the velocity information and the level information are not con-

sistent, too little or too much energy is going into the model. Therefore, the Thompson tech-

nique computes a new value for the velocity and performs small adjustments to cancel the 

inconsistencies in the information. For example, the flow related to the tidal forcing in mari-

time applications induces a temporal shift in the velocity direction. So, a liquid boundary node 

can be successively an inflow or an outflow node due to tides. The temporal shift in the 

boundary conditions can be implemented. However, a phase lag may appear between the inner 

velocity and imposed velocity at the boundary, which leads to a numerical reflection. This 

phase lag may be due to a delay in the inner flow due to bottom friction and the complexity of 
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the bathymetry. Therefore, the Thompson method allows modifying the velocity consistently 

with water depth. 

h) Model outputs  

TELEMAC2D can generate at the end of a successful simulation several output files: the re-

sult file, the listing printout, the formatted results file and the binary results file. 

The result file has all the information about the mesh geometry, then the computed values for 

all the printout variables and all the mesh points at each printout time step. It is stored in a 

Serafin format. The first graphic printout time step is determined using the Steering file.  

During the simulation, TELEMAC2D displays the listing printout of the current time step, the 

mass balance in the domain and the error involved in its calculation. The formatted and binary 

results files can be used to provide data to the other models as well. 

3.1.3 Wave propagation model TOMAWAC 

a) Governing equations 

The purpose of the TOMAWAC is modelling the generation and the spatio-temporal evolu-

tion of waves at the sea surface. The main physical process of interest is the sea state or water 

waves, these two terms being used interchangeably (Benoit, 2011).The water waves generally 

correspond to the water waves induced by wind in the sea. The wave period (TW) ranges typi-

cally from 2.5 to 25 s (frequency fW=1/TW= 0.04 to 0.4 Hz). The sea state can take different 

forms depending on the weather (calm sea or storm) or by the wave nature (wind sea or 

swell). Sea-state modelling is a major task in coastal and ocean engineering. It describes the 

generation, propagation and dissipation of water waves in coastal and ocean waters.  

TOMAWAC is a time-stepping (i.e. non-stationary) phase averaged spectral wave transfor-

mation model, which is part of the TELEMAC finite element modelling suite. The acronym 

TOMAWAC derives from "TELEMAC-based operational model Addressing Wave Action 

Computation”. The model is a third generation wave model, since it does not require any pa-

rameterization on the spectral or directional distribution of power (or action density). In the 

general case of wave propagation in an unsteady medium (sea currents and/or water levels 

varying in time and space), the directional spectrum of the variance density is no longer con-

served rather the directional spectrum of wave action N (Jule.Hz
-2

.rad
-1

) (Benoit, 2011) . 

TOMAWAC solves the conservation equation of the wave action density N over an unstruc-

tured triangular finite element mesh where the independent parameters can been chosen as 

time t, geographical position x & y, relative (intrinsic) angular frequency σdis = 2πfr (where fr 

is the intrinsic or relative wave frequency), and direction of wave propagation θw. In horizon-

tal Cartesian co-ordinates, the conservation equation for wave action can be written as (Be-

noit, 2011): 
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 ∂Ñ

∂t
+∇⃗⃗⃗.(cg⃗⃗⃗⃗ Ñ)=

Stot

σdis
  

or 

∂Ñ

∂t
+ẋ

∂Ñ

∂x
+�̇�

∂Ñ

∂y
+θẇ

∂Ñ

∂θw
+fṙ

∂Ñ

∂fr
=
Stot
σdis

 

(3.11) 

where Ñ(x, y, σdis, θw, t)= 
2πσdis

C Cg
N(x, y, kx, ky, t) with k⃗⃗=(kx, ky)=( |k| sinθw , |k| cosθw) is the 

wave number vector that is related to angular frequency σdis by the dispersion relation in the 

zero-current case by σdis
2 =g|k| tanh(|k| h), ∇⃗⃗⃗ is the four-dimensional differential operator in 

the x, y, σdis, θw-space, c is the phase velocity of waves. 

cg⃗⃗⃗⃗ =(
∂x

∂t
,
∂y

∂t
,
∂σdis

∂t
,
∂θw

∂t
)=(cx,cy,cσdis ,cθw)=(ẋ,ẏ,2πfṙ,θẇ) is the propagation velocity of a wave 

group. The right-hand side contains Stot (see Eq. (2.1)), which is the source/sink term that rep-

resents all physical processes that generate, dissipate, or redistribute wave action density (see 

section 3.1.3(c)): 

 Stot=Sin+Sds+Snl+Sbf+Sbr+Str (3.12) 

Sin: wind-driven wave generation 

Sds: whitecapping-induced energy dissipation 

Snl: non-linear quadruplet interactions 

Sbf: bottom friction-induced energy dissipation 

Sbr: bathymetric breaking-induced energy dissipation 

Str: non-linear triad interactions. 

Eq. (3.11) is an equation of transport where the spatial transfer rates ẋ and ẏ represent the spa-

tial wave propagation and shoaling. The directional transfer rate θẇ models the refraction-

induced change of wave propagation direction, which is generated by the spatial variations of 

the wave propagation environment that can result either from water depth changes or current 

gradients. The relative frequency transfer rate fṙ models the shifts in wave frequency due to 

sea level variations in space and time and/or the current variations in space. The last term is 

zero when there is no temporal variation of the sea level (i.e. water depth) and the current is 

uniform. The transfer rates, as computed from the linear wave theory, are as follow (Benoit, 

2011; Chini, 2012): 

Deep Water Source/Sink Terms 
Shallow Water Source/Sink Terms 
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 ẋ=cg sin θw+u (3.13) 

 ẏ=cg cos θw +v (3.14) 

 
θẇ=-
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(3.15) 

 2πfṙ=
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(3.16) 

Given N(x, y, kx, ky, t) = 
C Cg

2πσdis
2  F(x, y, σdis, θw, t)=BF with F is the directional variance spec-

trum, it is possible to consider the radiation stress contribution to the mean flux of horizontal 

momentum (Eq. (3.2) and (3.3)). The radiation stress tensor, Sij, can be defined as follow 

(Longuet-Higgins & Stewart, 1964):  

  

Sij=ρg∫ ∫ [
Cg

C

kikj

k2
+(

Cg

C
-
1

2
) δij]

+∞

0

2π

0

×F(θW,fW) dθW dfW (3.17) 

where i and j point to the two horizontal coordinates x and y. δij is the Kronecker symbol (δij 

=1 if i=j and 0 elsewhere). The horizontal components of radiation forcing term, Srad, are add-

ed to Eq. (3.2) and (3.3), which are solved by TELEMAC2D: 

 

Srad=-
1

ρh

(

 
 

∂Sxx
∂x

+
∂Sxy

∂y
∂Syx

∂x
+
∂Syy

∂y )

 
 

 (3.18) 
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b) Application domain of TOMAWAC model 

TOMAWAC can be applied from the deeper ocean up to the coastal zone. Its application 

range is determined by relative depth h/L, wherein L denotes the wave length corresponding 

to the peak spectral frequency for irregular waves. The application domain of TOMAWAC 

includes:  

 Deep water zone, characterized by large water depths (i.e. 
h

L
>0.5). The principal phys-

ical processes are: wind-driven wave generation, white capping dissipation and non-

linear quadruplet interactions;  

 Intermediate water depth zone with a relative water depth h/L =0.05 and 0.5. In addi-

tion to the above processes, bottom friction, shoaling (wave growth due to a bottom 

rise) and the effects of refraction due to bathymetry and/or to currents are to be taken 

into account;  

 Shallow water zone, including shoals or nearshore areas with a relative water depth 

h/L <0.05. For these shallow water areas, such physical processes as bottom friction, 

bathymetric breaking and non-linear triad interactions between waves should be in-

cluded. 

The application domain of TOMAWAC does not include harbour areas and, more generally, 

the cases in which the effects of reflection and/or diffraction on structures cannot be neglect-

ed. For those applications, the ARTEMIS model of the TELEMAC system is suitable. 

Several factors take part in the evolution of sea-state and interact to various extents with the 

waves. TOMAWAC models the following interactions: 

 Wave-bathymetry interaction: the submarine relief data entered into TOMAWAC are 

time-independent, while the sea level can change in time. TOMAWAC can take into 

account refraction, shoaling, bottom friction and bathymetric breaking;  

 Wave-atmosphere interaction: this interaction represents the main mechanism in wave 

generation. It contributes to energy dissipation processes (white capping, wave propa-

gation against the wind, etc.) and it is involved in energy transfers. To represent the 

unsteady behaviour of this interaction, TOMAWAC requires wind fields  at 10 m 

height (specification of the two horizontal velocity components) with a time step that 

is adapted to the modelled weather event. These wind fields can be obtained either by 

a meteorological models or from satellite measurements;  

 Wave-current interaction: sea currents (generated either by the tide or by oceanic cir-

culations) may significantly affect waves depending on their intensity. They modify 

the refractive wave propagation direction, reduce or increase the wave height accord-

ing to their direction of propagation in comparison with that of waves, and can affect 

the wave periods if they exhibit a marked unsteady behaviour. In TOMAWAC, the 

current flow field is represented by the horizontal components of the depth-averaged 

flow velocity at the nodes of the computational grid. TOMAWAC models frequency 
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changes caused either by the Doppler effect or by unsteady currents, as well as by a 

non-homogeneous current field. 

The above interactions with their processes modify the total wave energy and the directional 

spectrum distribution of this energy (i.e. the shape of the directional spectrum of energy). 

Numerical modelling of these various processes is not yet mature, though some of them are 

now well known. The theoretical modelling of these processes is described in detail in the 

TOMAWAC User's manual (Benoit, 2011). 

c) Numerical aspects of TOMAWAC 

- Spatial discretization 

In TOMAWAC, the spatial discretization is performed using the finite elements technique 

(and in all the models of the TELEMAC system as well). This avoids the use of nested grids 

for nearshore applications, where complex bathymetry and irregular shoreline often require a 

refined resolution. So, a large maritime area can be discretized using a number of triangular 

elements whose size may be varied according to the desired resolution on the same grid. 

- Spectro-angular discretization 

At each time step, the propagation frequencies fdi and directions θdi of the action density spec-

trum is discretized at each node. The range of wave directions [0°, 360°] is discretized in a 

number of equally spaced directions (ND). This number of wave directions is specified by the 

user (usually 12 to 72). The directions are defined as follows: 

 
θdi=

(i-1).360

ND
 with i between 1 and ND (3.19) 

The discretization of the wave frequency follows a geometrical series (see Eq.(3.20)), for 

which the minimal frequency (f1), the frequential ratio (qr) and the number of frequencies 

(NF) are specified by the user (usually 15 to 30). 

 fdi= f1. qr
i-1 with i between 1 and NF (3.20) 

A 2-dimensional grid of (ND.NF) points by the discretization of θdi and fdi is used at each 

node, which is represented in polar a coordinate system. In this grid, the wave frequencies are 

measured radially and the propagation direction corresponds to the value of an angle in rela-

tion to the axis selected by the user as (vertical or horizontal)  

- Numerical schemes 

The wave action balance equation is solved in TOMAWAC through a fractional step method, 

including: 
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 firstly, a convection step (left-hand side of the wave action equation (Eq. (3.11))) is 

performed, in which an intermediate solution is calculated without the source terms: 

 ∂(BF)

∂t
+cg⃗⃗⃗⃗ .∇⃗⃗⃗(BF)=0 (3.21) 

Eq. (3.21) is solved in TOMAWAC by means of the method of characteristics (Benoit, 

2011). The characteristics curves have to be computed only once at the beginning of 

computation due to the fact that the convector field cg⃗⃗⃗⃗  is not time dependent when 

there is no tide. At each time step, the convection step is thus reduced to an interpola-

tion, which allows saving computing time. 

 Secondly, a source terms integration step (right-hand side of Eq. (3.11)) is performed, 

the new solution is calculated from the intermediate solution taking into account only 

the effect of the source terms: 

 ∂(BF)

∂t
=B.Stot (3.22) 

The source terms integration is carried out through a semi-implicit scheme: 

 Fn+1-F*

∆t
=
Stot

n+1+Stot
*

2
 (3.23) 

where the exponent * denotes the values of the variables after the propagation step 

(but before the source term integration step) and the exponent n+1 denotes the values 

of the variables after the source term integration step. This scheme is inspired by the 

semi-implicit scheme used in the WAM model (WAMDI Group, 1988). 

d) Model inputs  

- Simulation control panel 

TOMAWAC reads the physical and numerical inputs given by the user in the “steering file”, 

which has the same role as for TELEMAC2D. The steering file has the links to external files. 

The main files used in TOMAWAC computation are the same as those used by TELEM-

AC2D.  the complete list of all files are presented in TOMAWAC manual (Benoit, 2011). 

- The geometry mesh file  

TOMAWAC can simulate the changes in the action density spectrum at each node of the same 

geometry mesh used by TELEMAC2D. In TOMAWAC the wave direction spectrum is split 
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into a finite number of propagation frequencies fi and directions θi. The balance equation of 

wave action density is solved for each component (fi, θi). Each component of the action densi-

ty spectrum changes in time under the effects of the software-modelled processes. 

- Prescription of initial conditions 

The variance density directional spectrum is computed as the product F(fdi , di) E(fdi ). 

D(di), where E(fdi) is the variance density spectrum and D(di) denotes the angular distribu-

tion function. Table 3.1 shows all the available options in TOMAWAC for computing the 

initial frequency distribution and directional distribution of the waves using the integer key-

word TYPE OF INITIAL DIRECTIONAL SPECTRUM. 

- Prescription of boundary conditions 

Two different boundary conditions are proposed in TOMAWAC, an imposed wave spectrum 

or free conditions. The free boundary absorbs fully the wave energy. It may be: 

 Liquid boundary: it is assumed that the waves propagate beyond the domain and noth-

ing else enters it.  

 Solid boundary: it is assumed that the shore fully absorbs the wave energy, depending 

on whether waves are entering or exiting the computational domain. 

In the second option, the wave action spectrum is strictly imposed at each point along the 

boundary with a prescribed value. This boundary condition allows wave energy to enter the 

computational domain. 

The boundary conditions are specified using the boundary conditions file (CONLIM), the 

steering file and the user subroutine LIMWAC.f. 

e) Model outputs  

At the end of a successful simulation, TOMAWAC can generate several output files: the 2D 

result file, the listing printout, the global results file and the punctual or spectrum results file. 

These files have the same roles as TELEMAC2D output files. 
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Table 3.1: Types of initial action density spectrum as proposed in TOMAWAC (Benoit, 2011). 

 

  

The TELEMAC system has proved state-of-the-art and useful software system. It is suitable 

for a wide range of applications. It consists of several numerical models (see Figure 3.1), 

which are designed for the use in the fields of free surface hydrodynamics, sedimentology, 

water quality, waves and underground flows. TELEMAC models can utilize multiprocessor 

computers to run in parallel version and the code can be modified by users to program particu-

lar functions of a simulation. The numerical algorithms of TELEMAC models are collected 

into a single finite element library (BIEF), which offers the cross-linking/coupling of the 

boundary conditions definition, the temporal and spatial discretization, the solved equations 
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and their solution methods or output variables. These capabilities make TELEMAC (version 

6.2 in parallel processing mode) an appropriate operational model system for the assessment 

of storm surges, tide, external surges and other physical processes. These phenomena are 

dominating in the South-Eastern part of the North Sea (see Figure 2.15). The hydrodynamics 

and wave propagation over the North Sea can be simulated using the flow model TELEM-

AC2D and the wave propagation model TOMAWAC, respectively. 

TELEMAC2D solves the non-conservative form of shallow water equations, with h (depth) 

and u, v (flow velocity components) as the unknown. It considers the propagation of long 

waves such as surge and tide, including an approximation of the non-linear interaction be-

tween them. The numerical solution of these equations is based upon the fractional step meth-

od with two steps: (i) Advection and (ii) Propagation, diffusion and source terms (representing 

the wind, Coriolis force, bottom friction and any source or sink of momentum within the do-

main). 

TOMAWAC solves the wave action density (N) conservation equation (Eq. (3.11)). It can 

model the processes of spatial propagation of waves over relatively large distances, refraction 

due to spatial variations in bathymetry and current, shoaling due to spatial variations in seabed 

and current. Moreover, it can also describe the processes of generation by unsteady wind 

fields, dissipation by white capping, dissipation by depth induced wave breaking, dissipation 

by seabed friction and non-linear wave-wave interactions (quadruplets and triads). The appli-

cation domain of TOMAWAC does not include harbour areas and cases in which the effects 

of reflection and/or diffraction on structures are relevant. Eq. (3.11) for N is solved in 

TOMAWAC through a fractional step method. Firstly, a convection step is performed by cal-

culating an approximate solution without the source terms (Eq.(3.12)). Secondly, the integra-

tion step of the source terms is performed by calculating the next time step solution from the 

intermediate solution. The source and sink terms are classified as linear and non-linear terms 

in N, in which a Taylor’s expansion is made for the non-linear terms keeping only the first-

order terms. 

As both TELEMAC2D and TOMAWAC models are parts of the TELEMAC system, they 

share the same geometry and boundary conditions files to run the simulations. Therefore, the 

wave state simulation by TOMAWAC can be coupled with the flow model TELEMAC2D. 

3.2 Surge-tide and wave propagation modelling for the North Sea area 

The hydrodynamic conditions in the North Sea are driven by tides, on top of which the water 

level is affected by local surge, Atlantic external surge and waves during storm conditions 

(see Figure 2.15). Furthermore, the water levels in the estuaries of the German rivers (Ems, 

Weser and Elbe) may be affected by variations in the river discharge.  

Storm-tide in the North Sea is related mainly to weather conditions that induce water level 

alterations by combined effects of extreme wind and atmospheric pressure. This section 

shows how TELEMAC2D and TOMAWAC models are implemented to the North Sea area, 
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including the hydrodynamic conditions that may affect the generation of surge-tides. The im-

plementation includes the following steps:  

 Preparation of the required bathymetry mesh, boundary conditions and meteorological 

data in order to carry out the hydrodynamic and wave propagation modelling for the 

North Sea area. 

 Validation of the tidal simulation for the North Sea by TELEMAC2D in 2006 using 

real-tide (based on observed water level measurements) at Cuxhaven, Sylt and Helgo-

land.  

 Implementation of surge-tide simulations using TELEMAC2D, taking into account the 

different physical processes that may affect the surge-tide. On the other hand, the pre-

dicted wave parameters by TOMAWAC in 1998 will be compared with the measured 

parameters at Sylt. 

The numerical storm-tide simulation results identify the effective contribution of each compo-

nent to the extreme water level at the two interested sites, Cuxhaven and Sylt.  Therefore, the 

components with negligible contributions can be not included in the past (1970-2007) and/or 

future (2070-2100) numerical simulations, which saves the computation time. 

3.2.1 Geometry mesh file  

The creation of the bathymetry mesh file for the North Sea domain is the first step to be taken 

during the modelling process in order to define the nodes, where computation of the model 

variables takes place. The nonlinear nature of the North Sea storm-tide is mainly due to the 

complexity of the geometry and bathymetry of this shallow shelf sea. Moreover, the open 

boundary of the regional North Sea model has to be shifted away from the shallow area in 

order to avoid ill-posed open boundary forcing (YU, 1993).  

The main advantage of TELEMAC with finite element technique is the high flexibility in the 

mesh refinement process. Therefore, the key areas can be represented in more detail and the 

areas near the open sea can be kept with coarser elements. The bathymetry mesh file of the 

North Sea area is kindly provided by BAW, which is an updated version in 2006 based on 

(Plüß, 2004). It is supplied in Gauss-Kruger zone 3 coordinate system. ‘JANET’, the mesh 

processing software that allows generation of triangulated irregular mesh, has been used to 

create the bathymetry mesh on which Telemac2D and TOMAWAC will solve the governing 

equations. A minimum inter-node distance of 80 m has been defined in the German estuaries 

to have more accuracy and computation nodes near the southern boundary. Near the outer 

open sea, the grid size is set up to 26 km in northern of the Dogger Bank to reduce the compu-

tation time. The model region extends 

 North:From Wick (λ = 3° 5 ' W, φ = 58° 27' N) along a line north to the latitude (φ = 

60°) and following this latitude eastward to Lerwick (λ = 1° 8' W, φ = 60° 9' N) up to 

Norway 

 West: Along a line from Plymouth / Ile de Batz, following the longitude 𝜆 = 4° 5' W 
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 East: In the Baltic Sea along the 13
th

 longitude (East) into the Mecklenburg Bay 

 in the German estuaries: 

 Ems up to Papenburg, 

 Weser up to the weir „große Weserbrücke“ and 

 Elbe up to the weir at Geesthacht 

The mesh consists of 41891 nodes and 70564 elements, it covers the following extend accord-

ing to Gauss-Kruger zone 3: 

 Easting: from 253936 m to 3781870.15 m and 

 Northing: from 5441363.5 m to 6755029.46 m. 

The boundaries of the bathymetry mesh by BAW are updated using FUDAA pre-processor to 

represent the hydrodynamic conditions in the North Sea mesh model naturally (see Fig-

ure 3.2). The solid segments in the northern and eastern boundaries are removed, since it 

could prohibit the full propagation of tide and/or external surge inside the area. Moreover, the 

fresh water discharge of the adjacent rivers / estuaries is prescribed at each river section. The 

discharge data of Westerschelde, Ems, Weser, and Elbe rivers from 1960 to 2007 are kindly 

provided by BAW. 

3.2.2 Preparation of boundary conditions and meteorological data for the North Sea 

model 

a) Meteorological data 

The effect of meteorological forces (essentially wind and pressure) modifies, to a great extent, 

the regular tidal movements in the North Sea. TELEMAC2D requires the 10 m height wind 

and sea level pressure (SLP) fields in order to simulate the storm surge component. The wave 

propagation model TOMAWAC requires mainly the 10 m height wind to simulate the main 

source of wave energy by wind (Sin).  

The meteorological forces should have sufficient accuracy and resolution in order to get the 

storm surge and wave fields satisfactorily modeled. The hourly zonal and meridional wind 

speed components along with the hourly Sea Level Pressure (SLP) fields are kindly provided 

by Helmholtz-Zentrum Geesthacht (HZG) in netcdf format for each month between 1958 and 

2007. The hourly wind speed components and SLP fields are regionalized with regional cli-

mate model (RCM) SN-REMO (0.5
o
 x 0.5

o
 horizontal resolution) (von Storch et al., 2000), 

which is forced on boundaries with atmospheric NCEP re-analyses. The RCM SN-REMO is 

set up for running on a rotated grids with North Pole located at (-170
o
 longitude, 32.5

o
 lati-

tude), which differ from the geographical North Pole (0
o
 longitude, 90

o
 latitude). So, the re-

gionalized meteorological conditions are rotated back to geographical coordinate system with 

the North Pole of (0
o
 longitude, 90

o
 latitude). These re-rotated meteorological conditions are 

transformed afterward to “3-degree Gauss-Kruger zone 3” coordinate system, which is used 

by the North Sea geometry grid in TELEMAC2D and TOMAWAC. 
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Figure 3.2: Geometry mesh of the North Sea mesh in TELEMAC2D with the prescribed water elevation at open-

sea and flow rate of fresh water discharge at southern boundaries (modified from updated version in 

2006 by(Plüß, 2004)). 

The coverage domain of the RCM SN-REMO is much larger than the geometry mesh of the 

North Sea. It extends from 10.3
o
 W to 70.73

o
 E and from 29.6

o
 N to 67.8

o
 N using a finite 

difference mesh with resolution of 50 km. In order to use the monthly meteorological data by 

the RCM SN-REMO over the North Sea mesh, two interpolations are performed (see 

Figure 3.3): 

(i)  in space over the computation grid (Figure 3.2) and stored in serafin format for each 

year between 1970 and 2007 (Tayel & Oumeraci, 2012b) 

(ii)  in time during the surge-tide and/or wave propagation simulation at the internal com-

putation time step by TELEMAC2D and/or TOMAWAC, respectively.  

Therefore, after interpolation in space of the hourly wind speed components and SLP fields, a 

linear temporal interpolation is performed at each computational time step inside TELEM-

AC2D by the modified subroutine METEO.f (Tayel & Oumeraci, 2012b). On the other hand, 

TOMAWAC reads only the hourly wind speed components from the Serafin files and perform 

the temporal interpolation at each time step without modification to its subroutines. 
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b) External surge from the Atlantic 

The contribution of the external surge from the Atlantic must be properly considered for a 

precise simulation of the water elevation in the North Sea model domain. For this purpose, the 

external surge at Aberdeen is linearly added to the tidal level with time shifts of about 45 

minutes to the north-west part of the northern boundary and about 2 hours for the other part 

between Scotland and Norway (see Figure 3.2). Doing so, the external surge is constant in 

space at each time step for the two parts of the northern open sea boundary but the observed 

external surge is higher at the north-west part than between Scotland and Norway. 

The suitable sites for considering the external surge of the North Sea model are Wick and 

Lerwick because they have zero time shifts from the northern boundary and reflect the ob-

served external surge variability in space (see Figure 3.2). Two ANNs models called NARX 

(Nonlinear AutoRegressive eXogenous inputs) are developed to predict the external surges at 

wick and Lerwick using wind and pressure data as input. The NARX models for both sites are 

used to fill the gaps in observed external surge data between 1970 and 2007. Moreover, they 

will also be used to predict the external surge between 2070 and 2100 for future surge-tide 

realization (see chapter 5). 

For Wick and Lerwick, the construction of each NARX model is performed in two phases. 

The first phase deals with the determination of the optimum number of input variables time 

series lags that should be included as input, also the optimum architectural parameters and 

best training algorithm using STATISTICA Automated Neural Networks (SANN) tool in 

STATISTICA package version 10 from Statsoft Inc.. In the second phase, the final NARX 

model is developed using the neural networks toolbox in Matlab 2013b for further structural 

parameters configuration and modifications that are based on the optimum structure obtained 

by SANN. 

Finally, the two NARX models prediction results are validated in terms of correlation coeffi-

cient (CC), root mean square of error (RMSE) and standard deviation (σ) using observed ex-

ternal surge data at Wick and Lerwick. 

- Input variables selection and preparation for the developed NARX models 

The NARX models in the learning phase also implicitly capture the nonlinear relation be-

tween the meteorological forces as input data and the external surge at Wick and Lerwick as 

output  using a moderate time span (approximately 10 years) of the observed external surge at 

each site. The observed data between 1969 and 2007 for both sites are downloaded from the 

British Oceanographic Data Centre (BODC) website http://www.bodc.ac.uk/. The observed 

external surge for Wick contains data gaps and improbable values mostly in 1970, 1971 and 

1985, while it is the case for Lerwick in 1999 and 2000. A subset of the observed external 

surge data at each site for learning and validating the models are selected such that it does not 

contain gaps and/or a substantial amount of doubtful observed values. This criterion is ful-

filled for Wick data between 1990 and 1997, while the suitable data for Lerwick is between 

1972 and 1984. The downloaded data for each year of the above selected periods (Wick(1990-

1997) and Lerwick (1972-1984)) is recorded with time interval between 15 minutes and 1 

http://www.bodc.ac.uk/
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hour, which is temporally interpolated in order to be synchronized with observed meteorolog-

ical data every hour.  

 

Figure 3.3: Interpolation scheme of meteorological data for the North Sea model, where the developed/modified 

codes (except remo2geog.m and Fwtools are free software) are in red and their functions are in black 

(Tayel & Oumeraci, 2012b). 

Table 3.2 shows the input and output data for the two developed NARX models at Wick and 

Lerwick. The input deck of the two NARX models consists of the two wind speeds compo-

nents in east-west direction (wind U component or zonal component) and in south-north di-

rection (wind V component or meridional component) in addition to the sea level pressure. 

These three types of meteorological data are extracted from the RCM SN-REMO wind and 

SLP fields using the spatial interpolation at Wick and Lerwick every hour. 
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Table 3.2: Input and output for the developed NARX models at Wick and Lerwick. 

Description Wick Lerwick 

Input 

 Time series of wind U com-

ponent. 

 Time series of wind V com-

ponent. 

 Time series of sea level pres-

sure. 

 Time series of observed ex-

ternal surge. 

 

 Time series of wind U com-

ponent. 

 Time series of wind V com-

ponent. 

 Time series of sea level pres-

sure. 

 Time series of observed ex-

ternal surge. 

 

output 
Time series prediction of external 

surge every hour 

Time series prediction external 

surge every hour 

Training period 1990 to 1997 1972 to 1984 

Prediction period 
1999,2000  

and from 2070 to 2100 

1970,1971,1985  

and from 2070 to 2100 

  

- Identification of ANNs optimum parameters using SANN 

SANN is used to automatically search for the various combinations of architectural parame-

ters for the developed ANNs models, to additionally obtain the optimum lags in the time se-

ries of the input variables that should be included. The different ANNs models using SANN 

are developed through the following three stages: 

Stage 1- Data Selection and construction of ANNs models by using SANN 

The span periods of the used learning data for Wick and Lerwick are from 1990 to 1997 and 

from 1972 to 1984, respectively. Three independent series of data among the available data 

series should be selected (training, validation and testing series) such that the training series 

contains most of the extreme events (Jayawardena & Fernando, 2001). Therefore, the above 

selected learning data sets for both sites are divided randomly in three series: the training se-

ries, the validation series and test series, which represent respectively 70%, 15% and 15% of 

the data. Figure 3.4 shows the input and output variables (see Table 3.2) along with the modi-

fied structural parameters for the designed ANNs by SANN at Wick. For both sites, only the 

regression (Eq. (4.12)) and time series regression (Eq. (4.13)) types are used in the develop-
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ment of their ANNs models. The input variables (um) for both ANN models, which are devel-

oped by SANN, do not include the previous observed external surge as input. 

 

Figure 3.4: Change of the architectural parameters of SANN models for Wick (the same in case of Lerwick) (see 

Eqs. (4.12) and (4.13). 

Stage 2- SANN and ANN model training 

From an initially random configuration of weights and biases (i.e., a random point on the error 

surface), SANN automatically use several training algorithms in order to incrementally seek 

for the global minimum. For Wick and Lerwick, the optimum architecture of the two types of 

models is determined by training many MLP networks that have different architectural pa-

rameters. For each model type, 25 trials are carried out. In such a way, the time lags of input 

variables are changed from 0 to 24. In each trial, several MLP networks are trained by varying 

(i) the number of neurons in the hidden layer from 1 to 10 neurons, (ii) the type of activation 

function (identity, logistic, tangent sigmoid, exponential and sine functions) in the hidden and 

output layers. 

Stage 3- Determination of the optimum ANN architectural parameters 

In each trial for the two ANN models at Wick and Lerwick, only the best network based on 

the test set performance is selected. The results of  the ANN models for Wick indicate an in-

crease in the correlation coefficient and stable decrease in Sum Square of Error (SSE) until 

inputs time lag du=14 hours, while for Lerwick the same behaviour is observed but only until 

du=7 hours.  

The optimum number of neurons in the hidden layer for the best selected MLP neural network 

is 3 neurons for both sites. Moreover, the candidate types of activation function for neurons in 
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the hidden layer is tangent sigmoid (tansig), while the output layer has only one neuron with 

linear activation function. 

- Implementation of the NARX models for Wick and Lerwick 

The SANN time series analysis generates a static feed forward MLP and all the dynamic in-

formation learned from the past memories of the output (feedback) path is discarded. The out-

put (feedback) path is implemented using NARX neural networks (see section 4.2.3). For de-

veloping the final NARX models at both sites, the optimum architectural parameters of the 

number of hidden layer neurons with 3 neurons, the time lags of the  input variables with 

du=14 hours for Wick and du=7 hours for Lerwick are used.  

Figure 3.5 shows the NARX architecture for Wick and Lerwick with tansig and linear activa-

tion functions in the hidden and output layers, respectively. The development of each NARX 

model is implemented using the built-in Matlab Levenberg-Marquardt algorithm. The training 

for each model is repeated 30 times because of the random weight and bias initializations. The 

prediction results from the NARX models are “validated” in terms of correlation coefficient 

(CC), Root Mean Square of Error (RMSE), mean and standard deviation (σ) using the ob-

served external surge in 1998 for Wick and Lerwick.  The “validation” results from both 

NARX models at Wick and Lerwick are listed in Table 3.3. It is obvious from this table that 

the NARX model at Lerwick performs better than the other NARX model at Wick (lower 

RMSE and higher correlation for Lerwick). For the NARX model in Lerwick, the lowest 

RMSE is 0.06 m with correlation of 0.88, while it has an RMSE of 0.09 m and a correlation 

coefficient of 0.83 in Wick. 

 

Figure 3.5: Schematic representation of NARX neural network with 3 input variables (see Table 3.2), tansig and 

linear activation functions in the hidden and output layers, respectively. 
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Table 3.3: Standard deviation (σ), Root Mean Square Error (RMSE) and correlation coefficient (CC) results for 

predicted external surge by NARX models at Wick and Lerwick over the whole year 1998.  

Station 

parameter 

Wick Lerwick 

observed predicted observed predicted 

Mean (m) 0.03 0 0.03 0 

RMSE (m) 0 0.09 0 0.06 

Standard devia-

tion σ (m) 
0.15 0.12 0.12 0.11 

Correlation coef-

ficient CC 
1 0.83 1 0.88 

 

Figure 3.6 compares the temporal variations of the predicted external surge during January 

1998 by each NARX model at Wick and Lerwick with the observed external surge. The 

NARX model in Lerwick shows a relatively good performance during this period, which 

might indicate about the more accurate prediction of input meteorological data by SN-REMO 

at Lerwick. Moreover, the extreme events predicted by both NARX models occurred at the 

time of observed external surge events. This provides an indication of the nonlinear capability 

of both NARX models in predicting external surge at both sites. On the other hand, the NARX 

models at both sites produce a smoothed nonlinear prediction of the external surge. It might 

be further enhanced, if the observed wind and SLP data at both sites are used instead of the 

predicted by SN-REMO. Moreover, the addition of the predicted external surge by surge-tide 

model (TELEMAC2D) covering the North Atlantic to the input deck might increase the pre-

diction performance.  

c) Astronomical tide at open-sea boundaries 

The observed tides in the North Sea are a co-oscillating response to the tides generated in the 

North Atlantic Ocean (Banner, 2011). These co-oscillating tides are expressed by waves, 

which enter and exit the North Sea through the northern and western open boundaries with the 

North Atlantic Ocean (Figure 3.2). Therefore, the prediction of the boundary tidal level from 

1970 to 2007 and during the future surge-tide realization between 2070 and 2100 are taken 

into account, when the tidal wave propagates from the open boundary up to the German coast. 

The complicated nature of tides in the North Sea area is mainly due to the complexity of the 

geometry and bathymetry for this shallow shelf sea. Regional North Sea models are often suf-

fering from ill-posed open boundary forcing; this is the reason why the open boundary has to 

be shifted away from the shallow area (YU, 1993). This allows to reduce the number of tidal 

constituents in the open boundaries to the main tidal constituents only.  

The tidal analysis begins by extracting the tidal constituents from the tidal level records. The 

basis for the harmonic analysis is the assumption that tidal variations can be represented by a 

number of harmonic constituents. It determines the amplitude and phase of the individual co-

sine curves (called tidal constituents), which are identified by their periods in mean solar 

hours. Finding the tidal harmonic constituents at each node location of an open boundary al-

lows the prediction of tidal level at that boundary. An application of harmonic analysis is to 
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select the proper harmonic constituents to fit tidal level (η
t
) at certain location according to 

Eq. (3.24) (Dronkers, 1964) 

 

 

Figure 3.6: Comparison of the predicted external surge by NARX models during January 1998 at Wick (a) and 

Lerwick (b) with the observations at each site. 
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ηt=∑fnAncos [ωnt-Gn+(Vn+un)]

N

n=1

 (3.24) 

where t is time, referred to 0 hour of Greenwich Mean Time (GMT); n is the index of the tidal 

constituent; An is the amplitude of the tidal constituent; fn is the nodal factor of the tidal con-

stituent; ωn is the frequency of the tidal constituent; Gn is the phase lag of the tidal constituent 

behind the phase of the corresponding constituent at Greenwich; (Vn + un) is the value of the 

equilibrium argument of the tidal constituent; Vn is the uniformly changing part of the constit-

uent phase at the Greenwich Meridian; and un is the nodal adjustments of the tidal constituent 

(YU, 1993). 

The tidal level at each node of the northern and western open-sea boundaries (78 nodes) needs 

to be prescribed for the North Sea model (Figure 3.2) taking into account the main eight tidal 

constituents (Q1, O1, P1, K1, N2, M2, S2, K2). At the open-sea boundaries, the tidal level 

records at each node in 2006 are kindly provided by BAW, which are predicted by BSH mod-

el covering the North Atlantic Ocean. For these nodes, the tidal level are predicted during the 

periods 1970-2007 and 2070-2100 using “Tidal Analysis Toolbox” (Pawlowicz et al., 2002) 

through the following two steps: 

(i)  For each node in the the northern and western open-sea boundaries, the harmonic con-

stituents are calculated based on the tidal level in 2006 using the developed Matlab 

script “tidalanalysis.m” (Tayel & Oumeraci, 2012b). 

(ii)  The main harmonic constituents for each node that obtained in step (i) are used as in-

put to predict the tidal level with the developed Matlab script “prepare.m” (Tayel & 

Oumeraci, 2012b). It makes a loop over all open-sea boundary nodes to generate the 

tidal levels every 15 minutes (see Figure 3.9). The modified TELEMAC2D subroutine 

SL.f, which is provided by BAW, is used during the simulation to read the data.  

d) River discharge 

The water levels in the estuaries of the German rivers Ems, Weser and Elbe may be affected 

by variations in their discharge and changes of the tidal dynamics in the North Sea. The daily 

fresh water discharges of the four main rivers (Westerschelde, Ems, Weser, and Elbe) in the 

southern North Sea from 1960 to 2007 are kindly supplied by BAW. The rivers discharge data 

are temporally interpolated every 15 minutes in order to be synchronized with the predicted 

tidal level. 

3.2.3 Tidal simulation for the North Sea using TELEMAC2D 

The tidal oscillation in the North Sea, which is regular and deterministically predictable, is 

dominated by the semidiurnal lunar tide M2. The propagation of tidal waves into the North 

Sea basin is deformed due to friction, so that shallow water tides arise, especially in the sallow 
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southern part. In order to build the 2D-Hydrodynamic model of the North Sea area, the do-

main bathymetry and bottom friction have to be calibrated using real-tide prediction (based on 

observed water level measurements). The tidal simulation for the North Sea by TELEMAC2D 

in 2006 is validated with the real-tide at Cuxhaven, Sylt and Helgoland. The purpose from this 

tide case is to guide the setup of the real case with influence of meteorological forces and oth-

er boundary conditions for the North Sea model. 

a) General Model Settings 

- Definition of domain geometry 

The definition of the North Sea domain geometry is based on the bathymetry data imported at 

the beginning of the mesh generation process in JANET (see section 3.2.1). The bathymetry 

mesh file used for the North Sea modelling is updated with the bathymetry data of 2006, 

which is based on HIPOCAS (Hindcast-simulations in cooperation with the GKSS) project 

(Plüß, 2004). Moreover, the modeled area is extended by shifting the northern open-sea 

boundary further away from the shallow part. 

Both geometry and boundary condition files, which are generated during the mesh creation by 

JANET, are provided by BAW.  These files are updated to reflect the natural conditions of the 

modelled area boundaries using FUDAA preprocessor (see Figure 3.2). The bathymetry mesh 

uses the coordinate system of Gauss-Kruger zone 3. In this case the Saint-Venant equations 

(Eq.(3.1) to Eq.(3.3)) are solved in a Cartesian coordinate system without running the compu-

tation in spherical coordinates. 

- Initial conditions 

The initial free surface elevation in the domain is considered as a constant; therefore the key-

word INITIAL ELEVATION is set in the steering file to 0.60 m. Water depth h at each point 

is calculated as the difference between the bottom elevation and the free surface elevation in 

the domain; both of them are referred to Normal Null (NN). 

- Boundary conditions 

The definition of boundary sides and their physical characteristics have been established in the 

boundary condition file during the mesh generation process. The physical boundaries of the 

model domain can be either liquid or solid. Generally, an impermeable condition exists for the 

solid boundaries, which does not allow any discharge across the boundary. Liquid boundary 

conditions can be either imposed water level or discharge flow rate that varies over the time or 

constant.  

For the North Sea, the time varying tidal level has been considered at the northern and western 

open-sea boundaries (see Figure 3.2). This was obtained by predicting the tidal level for these 

boundaries (see section 3.2.2(c)), and extracting the time series of tidal level at each node in 

the open-sea boundaries. Therefore, a liquid boundary file with imposed tidal level values of 

2006 has been prescribed and generated (Tayel & Oumeraci, 2012b) to simulate the tidal dy-
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namics in the North Sea model. A free liquid boundary condition is set for the horizontal ve-

locity components (u, v). Moreover, the Thompson method are used for these boundaries in 

the steering file to avoid the numerical reflection problem due to the phase lag between the 

inner simulated tidal level and imposed tide at the boundaries. The rest of the points in the 

contour of the domain are considered as part of the solid boundary. 

- Friction law and Coriolis effect  

For the tidal simulation in the North Sea, the energy dissipation is controlled by the bottom 

friction. Therefore, a good estimation of the friction coefficient value will have a determinant 

effect on the performance of the predicted tide. The Chezy formula is chosen for bottom fric-

tion (see section 3.1.2(e)). The friction coefficient is usually considered as a function of the 

water depth for tidal simulations in large domains. The TELEMAC2D subroutine STRCHE.f 

(Tayel & Oumeraci, 2012b) is implemented to define a variable Chezy coefficient according 

to the following equations (Giardino & Monbaliu, 2003): 

 
Cc={

65                            for h<40 m
65+(h-40)    for h>40m and h<65m

90                            for  h>65m
 (3.25) 

When modelling large domains, it is necessary to take into account the effect of the Coriolis 

force on the moving masses. This is done by activating the logical keyword CORIOLIS inside 

the steering file. The components of the Coriolis force FU and FV in the momentum equations 

are thus  

 FU=FCOR*u
FV=-FCOR*v

 (3.26) 

where FCOR=2ω sin(λ) (rad/s) is the Coriolis coefficient with ω=7.27* 10-5 rad/s being the 

angular velocity of the Earth and λ is the latitude (degree) The Coriolis coefficient for the 

North Sea model is set to FCOR =1.078*10
-4

(rad/s). 

b) Flow model options for tidal simulation in 2006  

The variables defined for graphic print outs are the east (u) and north (v) velocity components, 

the free surface elevation, and the water depth (h). The printout of the results for all variables 

are set at every hour to demonstrate the response of the system to the tide influence. 

A simulation of the tide in 2006 is carried out, which is the same period for the time series of 

the tidal level imposed at the open-sea boundaries. The time step ∆t in the flow model should 

satisfy the courant number criterion, thus ∆t is kept constant to 60 seconds so that the maxi-

mum courant number remains below 7. 
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The constant viscosity option has been chosen for the modelling of the turbulence in the 

southern estuaries. The keyword “VELOCITY DIFFUSIVITY”, which represents the overall 

viscosity coefficient (molecular & turbulent viscosity), has a definite effect on the extent and 

shape of the recirculation. Following the HIPOCAS project, the value of the viscosity coeffi-

cient is 0.1 m
2
/s , which is defined inside the steering file, while the coefficient of viscosity 

for southern rivers estuaries of the North Sea is change in space using the subroutine ” COR-

VIS.f” that is provided by BAW. 

The mass balance is checked over the entire domain during the simulations. This option al-

lows computing the flow through the boundaries of the domain (liquid or solid) and the rela-

tive error on mass-conservation for each time step. The method of characteristics and con-

servative scheme & SUPG are chosen to solve the advection step for the velocity components 

and the water depth, respectively. The accuracy required during the solution of the propaga-

tion step was kept as 1.10
-4

.  

c) Results of tidal simulations 

The model trials with different Chezy’s coefficients affect the tidal level results inside the 

German Bight. 22 different trials are implemented to get an acceptable compromise between 

the predicted and real-tidal levels. In these trials, the performance is determined using the cor-

relation coefficient (CC), standard deviation (σ), Root Mean Square Error of time series 

(RMSts) and RMS error of turning points (RMStp) (Giardino & Monbaliu, 2003) as follow: 

 

RMSts = [
1

𝑁
∑[𝜉𝑟(𝑡𝑖) − 𝜉𝑚(𝑡𝑖)]

2

𝑁

1

]

1/2

 (3.27) 

where N is the total number of measurements; ζr is the real-tidal level at at time ti ; ζm is the 

modelled tide by TELEMAC2D at the same time ti; 

 

RMStp = [
1

𝑁(𝑐,𝑡)
∑[𝜉(𝑐,𝑡)𝑟 − 𝜉(𝑐,𝑡)𝑚]

2

𝑁(𝑐,𝑡)

1

]

1/2

 (3.28) 

where N(c,t) is the total number of turning point values (crests and troughs), ζ(c,t)r is the surface 

elevation of real-tide at crests or trough points, ζ(c,t)m is the modelled tidal elevation at crest or 

trough points. 

The best performance is obtained by dividing the North Sea model domain to 4 subdomains 

according to depth as follows: 
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Cc=

{
 

 
70                         for  h<20 m

65+(h-20)      for h>20m and h<40m

60+(h-40)     for h>40m and h<65m

85                        for h>65m

                                                         (3.29) 

The real-tide data of Cuxhaven, Sylt and Helgoland stations are compared with the simulation 

output by TELEMAC2D (see Table 3.4). The real-tide data is based on harmonic analysis of 

observed water level in 2006 for each station. It is noticeable from Table 3.4 that the tide sim-

ulation by TELEMAC2D reproduces almost exactly the real-tide for the three stations in the 

German Bight. The correlation between real tide and predicted tide in each station reaches 

0.99, while the RMSEts ranges from 0.08 m at Cuxhaven (see Figure 3.7) to 0.11 at Helgo-

land.  

Table 3.4: Tidal simulations using TELEMAC2D in 2006. 

Station 

parameter 
Cuxhaven Sylt Helgoland 

RMSEts (m) 0.08 0.10 0.11 

RMSEtp (m) 0.07 0.08 0.09 

Correlation coefficient  0.99 0.99 0.99 

Standard deviation σ for real-tide 

(m) 
1.02 0.72 0.82 

Standard deviation σ for predicted 

tide (m) 
1.03 0.77 0.82 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Comparison of tide simulation using TELEMAC2D and real-tide at Cuxhaven. 
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3.2.4 Surge-tide simulation for the North Sea using TELEMAC2D 

The combination of tidal and meteorological conditions in interaction with the external surge 

is required for the evaluation of past (1970-2007) and future (2070-2100) surge-tide events in 

the North Sea. The emphasis of this section lies on the implementation of surge-tide simula-

tion using TELEMAC2D by taking into account the diverse physical processes that may af-

fect the surge-tide. Therefore, the tidal simulation in the previous section 3.2.3 builds the basis 

for surge-tide modelling after defining the friction coefficient value according to water depth 

in 4 subdomains of the North Sea (see Eq. (3.29)). Only the boundary conditions should be 

updated to include the external surge and the southern rivers discharge in addition of consider-

ing wind and pressure. 

a) General Model Settings 

The setup of the geometry mesh, initial conditions, friction law, Coriolis force and control 

options for the flow model in the tide case (see section 3.2.3) are used for the surge-tide simu-

lation in 2006 by TELEMAC2D. 

- Boundary conditions 

For the surge-tide simulations by TELEMAC2D η
su-t TEL

, the boundary conditions of the 

North Sea model are prescribed using all extreme storm-tide components (see Figure 2.15). 

These boundary conditions are shown in Figure 3.8.  

On the northern open sea boundary, the tidal level on each node and the external surge either 

from Wick or Lerwick stations are linearly added.  

On the western boundary (West border: France-England) only the tidal water level is pre-

scribed at each node. So, the influence of the shallow water can be taken into account when 

the tidal wave plus external surge propagate from the open boundary up to the German coast. 

The Thompson method is used for open-sea boundaries in the steering file to avoid numerical 

reflection problems due to the phase lag between the inner simulated water level and the im-

posed water level at the boundaries.  

On the southern onshore edge of the estuaries the fresh water discharge of the adjacent rivers 

are prescribed at each river section.  

For the North Sea, the time varying tidal level and external surge are considered at the north-

ern open-sea boundary (see Figure 3.8), while at the western boundary only tide is taken into 

account. These were obtained by predicting the tidal level and external surge (see 

tion 3.2.2), and extracting the time series of the tidal level at each node at the open-sea bound-

aries with the external surge time series from Wick and Lerwick added to the northern bound-

ary only. Therefore, a liquid boundary file with the imposed water level values of 2006 are 

prescribed and generated including rivers discharge time series (Figure 3.9). A free liquid 

boundary condition is set for the horizontal velocity components (u, v).  
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Figure 3.8: Boundary conditions of the North Sea mesh in TELEMAC2D with water level prescribed at the 

open-sea and with flow rate of fresh water discharge prescribed at southern boundary. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Construction of liquid boundary files data for surge-tide simulations including external surge, tide 

and river discharges. 
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- Wind and atmospheric pressure setups 

The influence of a wind blowing on the water surface can be taken into account by TELEM-

AC2D through adding to the right hand side of Eqs. (3.2) and (3.3) a forcing term due to 

wind, Swx and Swy, (m/s
2
) as follows (Giardino & Monbaliu, 2003):  

 
Swx= 

1

h

ρair
ρ
 awinduwind√uwind

2 +vwind
2  (3.30) 

 
Swy= 

1

h

ρair

ρ
 awindvwind√uwind

2 +vwind
2  (3.31) 

where ρair and ρ are the air and water densities (kg/m
3
), respectively. awind is a dimensionless 

quantity represented by the drag coefficient. 

The logical keyword WIND inside the steering file determines whether this influence is to be 

taken into account. If so, the coefficient (ρair/ρ) awind is then provided with the keyword CO-

EFFICIENT OF WIND INFLUENCE. This coefficient can be calculated as a function of 

wind-velocity. The subroutine PROSOU.f is modified (Tayel & Oumeraci, 2012b) to define 

awind according to the formula used by the Institute of Oceanographic Sciences (United King-

dom):  

 

{

for |u⃗⃗wind|<5 m s⁄                                                        awind=0.565.10
-3 

for5< |u⃗⃗wind|<19.22 m s⁄             awind=(-0.12+0.137|u⃗⃗wind|).10
-3

for |u⃗⃗wind|<19.22 m s⁄                                                awind=2.513.10
-3

 (3.32) 

Atmospheric pressure is taken into account by setting the keyword AIR PRESSURE to true. 

When the atmospheric pressure Pa (unit: Pascal = kg m
-1

 s
-2

) is considered, TELEMAC2D 

simply adds to the right side of the momentum equation the term Sp (m/s
2
). 

 
Sp=-

1

ρh
𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗(Pa) (3.33) 

For surge-tide simulations in the North Sea, the size of the domain and the simulation duration 

requires that wind velocity and sea level Pressure (SLP) are used, which vary in space and 

time. Therefore, the two subroutines PREWIND.f and Meteo.f have been used to interpolate 

wind velocity components and SLP fields in space and time over the entire computational 

mesh (see section 3.2.2(a)) 
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b) Results of surge-tide simulations 

The observed extreme water level in the German bight at Cuxhaven and Sylt during the storm 

of November 2006 is compared with the surge-tide predicted for the same storm by TELEM-

AC2D (see Figure 3.10 and Figure 3.11). This storm is a typical low-pressure area (pa < 

100000 Pascal) moving from west to east across the central North Sea and associated with 

strong onshore winds causing a strong surge. The mean wind speed during this storm is 17 

m/s, and the mean wind direction is 300
o
.  The meteorological characteristics at Cuxhaven 

during the storm of November 2006 differ slightly from those at Sylt. This storm occurred in 

conjunction with a neap tide in Cuxhaven and Sylt, while the observed external surge at Wick 

is much less important. Since the external surge propagates from Wick to Cuxhaven and Sylt, 

its effect on the two sites occurs after the time of its maximum at Wick. The effects of wave 

setup and river discharge on the water level during this storm are almost negligible (see sec-

tion 3.2.5(d)), especially for relatively low waves and small river discharges.  

Figure 3.10 and Figure 3.11 show the temporal variations of the meteorological conditions for 

Cuxhaven and Sylt respectively during the storm of November 2006. These variables as pre-

scribed in Table 4.3 are the two wind speed components and sea level pressure, tides, signifi-

cant wave heights, external surges, Elbe river discharge (for Cuxhaven only), η
su-t TEL

 and the 

observed storm-tide at the two pilot sites Cuxhaven and Sylt. The two wind speed components 

and sea level pressure are the interpolated values at Cuxhaven and Sylt which are extracted 

from the RCM SN-REMO. Furthermore, the Elbe river discharge at Neu Darchau and the 

external surges at Wick were extracted from the recorded measurements. The tides at the se-

lected sites were calculated using the harmonic analysis of the observed water level. Only the 

significant wave height (Hs) and the η
su-t TEL

 were simulated by the wave propagation model 

TOMAWAC and the hydrodynamic model TELEMAC2D respectively under the effect of the 

meteorological force of SN-REMO. The observed water level at the two pilot sites η
OB

 con-

tains all of the components and implicitly their nonlinear interaction (η
NL

).  The highest η
OB

 

peaks during the storm of January 2006 at Cuxhaven and Sylt, which reach 3.81 m and 2.21 m 

respectively, overestimate those calculated by η
su-t TEL

 of 2.97 m and 2.09 m respectively. 

Moreover, the approximation of the nonlinear interaction between the components by TE-

LEMAC2D η
NLT

 , which approximates the nonlinear interaction, shifts in the arrival time of 

highest ηsu-t TEL peak of 2.23 m by -9 hours at Sylt (see Figure 3.11). 

Figure 3.12 shows the difference between the predicted storm-tide by η
su-t TEL

 and the linear 

storm-tide (η
L
), which is the linear superposition of storm surge, tide, external surge, wave 

setup and rivers effect that are simulated individually by TELEMAC, as the approximated 

nonlinear interaction by TELEMAC2D (η
NLT

) during the storm of November 2006 at Cuxha-

ven and Sylt. Furthermore, the difference between the η
OB

 and η
su-t TEL

, which complements 

the η
NLT

 (η
NLE

), is calculated. The η
L
 peaks, which occur directly before the time of maxi-

mum observed storm-tide ((η
OB

)max) at both sites, overestimate both the η
OB

 and 

η
su-t TEL

peaks. The approximated nonlinear interaction η
NLT

, which is considered by η
su-t TEL

, 
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decreases the η
L
 peak at both sites by -0.18 m. This coincides with more decrease by the η

NLE
 

of -0.36 m at Cuxhaven and -0.44 m at Sylt. Therefore, the small decrease by η
NLT

  does not 

affect strongly the mean water level (MWL) of η
su-t TEL

 and the following peaks will propa-

gate under less pronounced shoaling effect than the η
OB

 peak, which increases the height of 

(η
OB

)max and delays its arrival time more than η
su-t TEL

 peak. For example the (η
OB

)max is de-

layed by 2 hours than η
su-t TEL

 peak at Sylt. 

Some statistical parameters have been calculated in order to compare the simulated and meas-

ured values of free surface elevation at Cuxhaven and Sylt in 2006. The different statistical 

parameters are presented in Table 3.5. The performance values at Sylt are better than those at 

Cuxhaven, which might be the better prediction of meteorological conditions by SN-REMO at 

open coast (e.g. Sylt) than near land (e.g. Cuxhaven).  The standard deviation of η
su-t TEL

 at 

Sylt, which is 0.69 m, is representative of the η
OB

, meanwhile the correlation coefficient is 

almost equal to its value at Cuxhaven of 0.96.  

Table 3.5: Statistical parameters calculated at Cuxhaven and Sylt between simulated and measured values in 

2006 of free surface elevation. 

Station 

parameter 

Cuxhaven Sylt 

observed predicted observed predicted 

Mean (m) 0.13 0.16 0.07 0.11 

RMSE (m) 0 0.29 0 0.20 

Standard deviation σ (m) 1.10 0.97 0.71 0.69 

Correlation coefficient CC 1 0.97 1 0.96 
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Figure 3.10: Storm characteristics, predicted surge-tide by TELEMAC2D and the extreme of observed water level during the storm of November 2006 at Cuxhaven. 
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Figure 3.11: Storm characteristics, predicted surge-tide by TELEMAC2D and observed water levels during the storm of November 2006 at Sylt. 
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Figure 3.12: Storm-tide prediction by linear superposition η
L
and TELEMAC2D  η

su-t TEL
 along with the observed 

storm-tide η
OB

 with the effect of nonlinear interaction η
NL

between extreme storm-tide components 

during the storm of November 2006 at Cuxhaven (a) and Sylt (b). 
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3.2.5 Wave propagation for the North Sea using TOMAWAC 

In order to study the nearshore wave field in the German Bight and its effect on surge-tide, the 

non-steady wave propagation over the North Sea model is performed with TOMAWAC. The 

wave evolution by TOMAWAC includes the deep and shallow water source/sink terms of 

wave energy, which are described by Eq. (3.12).  The setup of geometry mesh, initial condi-

tions and the boundary conditions file for the surge-tide simulation by TELEMAC2D are used 

by TOMAWAC for the simulation of wave propagation. The significant wave height, the 

mean period and the mean direction of wave propagation are assessed using the observed data 

at Sylt in 1998. 

a) General Model Settings 

The setups of geometry mesh, initial conditions and boundary conditions file for the flow 

model in the tide case (see section 3.2.3) are used for the wave propagation simulation by 

TOMAWAC. 

- Boundary conditions 

The boundary conditions, which are prescribed for the surge-tide simulation by TELEM-

AC2D (η
su-t TEL

), are defined inside the boundary condition file during the generation of the 

bathymetry mesh. This file is used to define the boundary conditions for wave propagation 

using TOMAWAC, which are shown in Figure 3.13. On the northern open sea boundary, the 

zero spectrum wave energy is prescribed, since this boundary is shifted away from the shallow 

part of the North Sea and the swell effect can be generated by wind over the deeper part. So, 

the influence of wave energy source/sink terms in deep and shallow waters should be taken 

into account when the waves propagate from the open boundary up to the German coast. On 

the southern onshore edge of the estuaries the free liquid boundary condition is applied in or-

der to propagate the waves outside the domain without any wave energy entering through it.  

- Wind-driven wave generation (Sin) 

For wave propagation in the North Sea, the size of the domain and the simulation duration 

requires the use of wind velocity, which varies in space and time. Therefore, the subroutine 

PREWINDonly.f  is used to convert the interpolated wind velocity components on the compu-

tational mesh by the Matlab script “convert.m” to Serafin format (see section 3.2.2(a)). While 

the temporal interpolation at each time step is performed automatically by TOMAWAC after 

setting the keyword STATIONARY WIND =false inside the steering file. 

The wind input, Sin, is based on Janssen’s quasi-linear model for wind-wave generation 

(Janssen, 1989), and implemented like in WAM Cycle 4. This model represents the exponen-

tial growth part, while a linear growth model can also be additionally used through setting the 

keyword LINEAR WAVE GROWTH=1. It must be noted that the dissipated energy when the 

wind blocks the waves is not considered by TOMAWAC 
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Figure 3.13: Boundary conditions of the North Sea mesh inside TOMAWAC with the prescribed zero spectrum 

at open-sea boundaries and free liquid boundary in the south. 

b) Model options for wave propagation 

The simulation of wave propagation in 1998 is carried out over the North Sea mesh. The se-

lected time step ∆t should satisfy the courant number criterion, thus ∆t is kept constant to 600 

seconds so that the maximum courant number remains below 7. The variables defined for 

graphic print outs are the significant wave height (Hm0), the mean wave period (Tmean), and the 

mean wave direction (Dmean) as well as the two  wave force components (Fx,Fy) contributing 

to the wave-induced momentum. The printout of the results for all variables is set for every 

hour. A logarithmic frequency discretization with 25 frequencies is used. The minimum dis-

crete frequency is f1 = 0.04 Hz and the ratio between two successive frequencies is set to qr = 

1.115. The number of discrete directions is set to 16. 

The source functions on the right side of Eq. (3.12) represent diverse physical processes in 

deep and shallow waters in addition to the wave generation by wind. The non-linear energy 

transfer, Snl, through the four-wave interaction is in deeper water represented by the DIA 

model proposed by Hasselmann et al. (1985), while the non-linear triad interactions, Str, in 

shallow water is modeled using the LTA model proposed by Eldeberky & Battjes (1995). The 
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source function describing the dissipation due to white capping, Sds, is based on the theory of 

Komen et al., (1984) and  the dissipation model of Janssen, (1991). The rate of dissipation, 

Sbf, due to bottom friction is not taken into account, since the observed wave parameters are 

outside the surf zone and the computation stops at water depth of 10 m. Depth-induced wave 

breaking occurs when waves propagate into shallower areas. The formulation of the source 

term, Sbr , due to wave breaking is based on the breaking model by Battjes and Janssen 

(1978). 

c) Results from the simulation of wave propagation 

The comparison of observed wave parameters with numerical results requires the acquisition 

of extensive data in order to cover the large domain of spatial and temporal evolutions in the 

German Bight. Here, field measurements from 1998 are available with a good resolution for 

significant wave height (Hs), mean wave period (Tm) and mean wave direction (Dm) at Sylt. 

The data were averaged at regular period of 4 hours without gaps. In order to study the near-

shore wave field, the observed parameters at Sylt are compared with the predicted values by 

TOMAWAC under non-steady wind fields obtained from RCM SN-REMO over the North 

Sea mesh. Table 3.6 summarizes the model performance statistics for the significant height, 

the mean period and the direction of the waves. The scatter index (SI) is a standard metric for 

wave model inter-comparison (Clancy et al., 1986). Lower values of the SI are indications of 

a better forecast. For significant wave height, SI in the literature ranges between 20% for 

hindcasts with sophisticated models and high quality wind fields and to 60% for some opera-

tional forecasts with less accurate winds (Clancy et al., 1986; Janssen et al., 1984). Regarding 

the calculated significant wave height in 1998 at Sylt, SI is 48%, which is considered as a 

good performance due to the use of the RCM SN-REMO wind field with a resolution of 50 

km. The best prediction by TOMAWAC is obtained for the mean wave direction, in which the 

SI error reduces to 5% and the correlation is 0.93. Moreover, the calculated mean wave period 

well reproduces the observed values, since SI is 19% and the correlation coefficient is 0.82. 

Table 3.6: Performance of TOMAWAC for hindcasting the significant height, the mean period and the mean 

direction of the waves at Sylt over the whole year 1998.  

Station 

 

parameter 

Sylt 

Significant wave height 

(m) 

Mean wave period   

(second) 

Mean wave direction  

(degree North=0
o
) 

observed predicted observed predicted observed predicted 

Mean 1.07 1.25 5.09 4.72 274.4 270.77 

RMSE 0 0.52 0 1 0 14.66 

Scatter Index= 
RMSE

Mean observation
∗ 𝟏𝟎𝟎%  

0% 48% 0% 19% 0% 5% 

Standard deviation σ  0.64 0.74 0.85 0.96 33.9 38.42 

Correlation coefficient  1 0.72 1 0.82 1 0.93 
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Figure 3.14 shows the predicted and observed values of significant wave height, mean wave 

period and mean wave direction during January 1998 at Sylt. It is noticeable that the signifi-

cant wave height and the mean wave period are less well-predicted than the mean wave direc-

tion, which is due to the coarse resolution of wind field by the RCM SN-REMO. The maxi-

mum Hs reaches 4.44 m in January 4, 1998, while the predicted value is only 3.13 m. This 

affects also the prediction of the mean wave period, which is underestimated at the time of 

maximum Hs and reaches 6.7 s instead of 8.5s observed in January 4, 1998. The performance 

might be further enhanced if finer resolution meteorological data of the RCM SN-REMO is 

available. 

d) Coupling of wave propagation and surge-tide simulations 

AS both TELEMAC2D and TOMAWAC models are parts of the TELEMAC system, they 

share the same geometry and boundary conditions files to run the simulations. Therefore, the 

wave model TOMAWAC can be coupled with the flow model TELEMAC2D. The coupling 

is applied using the following four keywords inside the steering file of TELEMAC2D: 

- COUPLING WITH, to which the value 'TOMAWAC' must be assigned. 

- WAVE DRIVEN CURRENT must be set to 1. 

- TOMAWAC STEERING FILE, which specifies the name of the TOMAWAC steering 

file. 

- COUPLING PERIOD FOR TOMAWAC, which specifies every how many TELEM-

AC2D time steps TOMAWAC is called. 

In case of direct coupling, TELEMAC2D is the main programme and calls the TOMAWAC 

subroutine WAC.f, which is the main subroutine of TOMAWAC and solves the governing 

equation for the generation and propagation of the directional wave spectrum (Benoit, 2011). 

TELEMAC2D transfers to TOMAWAC the updated values of flow field and water depths, 

while TOMAWAC calculates the wave characteristics accordingly to those values and returns 

to TELEM-AC2D the updated values of the wave driving forces (Fx,Fy) acting on the surge-

tide. The effect of waves on the surge-tide at Cuxhaven and Sylt is assessed during the the 

storms of January 2000, November 2006 (see Figure 3.10 and Figure 3.11) and November 

2007 (called Tilo, see Figure 3.15). The surge-tide simulations during these storms over the 

North Sea area by TELEMAC2D were coupled with the wave simulations by TOMAWAC. 

The wave setup (η
w

) is the difference between the coupled storm-tide results (η
st-t TEL-TOM

) 

and the simulated surge-tide by TELEMAC2D alone (η
su-t TEL

). It is noticeable that, the wave 

setup does not exceed 10 cm (Figure 3.15) during the storm of November 2007 (due to the 

long duration of westerly winds (see Table 4.3) and has no effect in the storms of January 

2000 and November 2006. So, the wave setup has approximately no contribution to the water 

level at both interesting sites, because the source of the momentum flux to the water column is 

limited to the white capping-induced energy dissipation outside the surf zone with depth 

greater than 20 m. 
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Figure 3.14: prediction of significant wave height (a), mean period (b) and mean propagation direction (c) during 

January 1998 at Sylt. 
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Figure 3.15: Effect of wave setup on the water level during the storm of November 2007 (Tilo) at Cuxhaven. 

The tidal oscillation in the North Sea is regular and deterministically predictable. The tidal 

simulation  is performed using TELEMAC2D in order to define the Chezy friction coefficient 

as a function of  the water depth. Therefore, the results of the tidal simulation serves as a basis 

for the modelling of the surge-tide after defining the friction coefficient value according to 

water depth in 4 subdomains of the North Sea (see Eq. (3.29)).. The predicted tide from 2006 

by TELEMAC2D is validated with the real-tide at Cuxhaven, Sylt and Helgoland. The pre-

dicted tide reproduces almost exactly the tide measured at the three aforementioned stations in 

the German Bight. The correlation coefficient between measured and predicted tide at the 

three stations reaches 0.99, while the RMSEts ranges from 0.08 m at Cuxhaven (see Fig-

ure 3.7) to 0.11 at Helgoland. 

The implementation of the surge-tide simulation using TELEMAC2D is carried out taking 

into account the meteorological and tidal forces in addition to the effects of the Atlantic exter-

nal surge and the southern rivers discharge at the boundaries (see Figure 3.8). Two external 

surge NARX models are developed for Wick and Lerwick, which are used to fill the gaps in 

the observed external surge data between 1970 and 2007. Moreover, these NARX models will 

also be used to predict the external surge for future surge-tide realization 2070-2100 (see 

chapter 5). The input deck of the two NARX models consists of the wind and pressure data 

that are extracted from the regional climate model RCM SN-REMO wind fields and pressure 

fields (SLP) at Wick and Lerwick. For the NARX model in Lerwick, the lowest RMSE is 0.06 

m with a correlation coefficient of 0.88, while an RMSE of 0.09 m and a correlation coeffi-
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cient of 0.83 are obtained for the NARX model in Wick. The performance of the two NARX 

models is relatively good, which might be enhanced if the observed wind and SLP are used in 

the input deck instead of the predicted by SN-REMO.  

The prediction performance of both NARX models can also be enhanced by adding to their 

input the external surge predicted by the surge-tide model (TELEMAC2D) covering the North 

Atlantic. On the southern boundary of the North Sea model, the daily fresh water discharges 

of the four main rivers (Westerschelde, Ems, Weser, and Elbe) are temporally interpolated 

every 15 minutes in order to achieve a better synchronization with the tidal level data. alt-

hough the effect of rivers discharge on the water level in the German Bight is almost negligi-

ble, especially for small river discharge values, river discharge samples at every hour are more 

adequate for surge-tide modelling as its contribution increase with smaller distance to tidal 

border of the river. 

The simulated and observed values of the 2006 surge-tide at Cuxhaven and Sylt are compara-

tively analyzed using three performance parameters (standard deviation ϭ, Root Mean Square 

Error RMSE and correlation coefficient (CC) as presented in Table 3.5. The performance pa-

rameters at Sylt are better than those at Cuxhaven.  The standard deviation of the surge-tide 

η
su-t TEL

 predicted by TELEMAC2D at Sylt with ϭ =0.69 m, is representative of the observed 

values η
OB

, meanwhile the correlation coefficient is approximately 0.96 at both sites. The 

extreme values of the observed water level η
OB

at both sites during the storm of November 

2006 is larger than the predicted η
su-t TEL

 values. The difference is assumed to be due to the 

approximation of the nonlinear interaction between the components of the surge-tide by TE-

LEMAC2D (η
NLT

) that may additionally shift the arrival time of the extreme peak of η
su-t TEL

. 

The combination of tidal and storm surge in interaction with the external surge is required for 

the evaluation of past (1970-2007) and future (2070-2100) surge-tide events in the North Sea. 

The simulation time for one year using TELEMAC2D is 8 hours (parallel processing on 8 

cores processor of computer “erebos1” kindly made available by BAW), so it takes totally one 

week for the 30 years (1970 to 2000 or 2070 to 2100). Therefore, TELEMAC2D provides a 

powerful and computationally efficient tool that can be part of an operational modelling sys-

tem for storm-tide prediction. 

In order to study the nearshore wave field in the German Bight and its possible effect on 

surge-tide, the modelling of the non-steady wave propagation over the North Sea model is 

performed with TOMAWAC, which is part of the entire TELEMAC model system. The setup 

of the input files (the geometry mesh, the initial conditions and the boundary conditions) for 

the flow model TELEMAC2D in the surge-tide case are also used for the wave model 

TOMAWAC. The prediction performance for the significant wave height (in 1998) at Sylt is 

characterized by Scatter Index SI = 48% and CC=0.72) . It is considered as a good perfor-

mance despite the use of the RCM SN-REMO wind field with resolution of 50 km. The best 

prediction by TOMAWAC is obtained for the mean wave direction (SI =5% and CC= 0.93) 

followed by mean wave period (SI =19% and CC= 0.82). The performance might be enhanced 

if finer resolution meteorological data of the RCM SN-REMO were available (Clancy et al., 
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1986; Janssen et al., 1984). The wave setup (η
w

) is the difference between the coupled storm-

tide results (η
st-t TEL-TOM

) and the simulated surge-tide by TELEMAC2D alone (η
su-t TEL

). It is 

noticeable that, the wave setup does not exceed 10 cm (Figure 3.15) during the storm of No-

vember 2007 (due to the long duration of westerly winds (see Table 4.3) and has no effect in 

the storms of January 2000 and November 2006. So, the wave setup has approximately no 

contribution to the water level at both interesting sites, because the source of the momentum 

flux to the water column is limited to the white capping-induced energy dissipation outside 

the surf zone with depth greater than 20 m. 

3.3 Summary and Concluding Remarks 

The TELEMAC model system can be used for free surface flow, sedimentology, and waves, it 

is particularly appropriate for large domain because it uses only one mesh grid with finite el-

ement discretization in space (see Figure 3.1). Moreover, TELEMAC can utilize multiproces-

sor computers to run in parallel version and its code can be modified by users to program par-

ticular functions of a simulation. The hydrodynamics and wave propagation over the North 

Sea are simulated using the selected flow model TELEMAC2D and the wave propagation 

model TOMAWAC.  

TELEMAC2D solves the non-conservative form of the shallow water equations. It considers 

the propagation of long waves such as surge and tide, including an approximation of the non-

linear interaction between them. On the other hand, TOMAWAC solves the wave action den-

sity (N) conservation equation (Eq. (3.11)). The application domain of TOMAWAC does not 

include harbour areas and further cases where the effects of wave reflection and/or wave dif-

fraction cannot be neglected. The source and sink terms of N are classified as linear and non-

linear terms. For the latter, Taylor’s expansion is applied keeping only the first-order terms. 

Surge-tide simulations using TELEMAC2D are carried out taking into account the meteoro-

logical and tidal forces in addition to the effects of the external surge from the Atlantic and of 

the discharge of the southern rivers at the boundaries (see Figure 3.8). The observed external 

surge is higher at the north-west part than between Scotland and Norway. The most suitable 

sites for considering the external surge of the North Sea model are Wick and Lerwick. Two 

external surge NARX models are developed, one for Wick and one for Lerwick, which are 

used to fill the gaps in the observed external surge data between 1970 and 2007. Moreover, 

they will also be used in chapter 5 to predict the external surge for future surge-tide realization 

2070-2100. The performance of the two NARX models is relatively good (see Table 3.3), 

since the predicted wind and SLP by SN-REMO are used in the input deck instead of the ob-

served wind and SLP at both sites. Moreover, their performance can be enhanced if the pre-

dicted external surge by surge-tide model covering the North Atlantic is added to the input 

deck. 

The combination of tidal and meteorological conditions in interaction with the external surge 

is required for the evaluation of past (1970-2007) and future (2070-2100) surge-tide events in 

the North Sea. The simulation time for one year using TELEMAC2D is 8 hours (parallel pro-
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cessing on 8 cores processor of computer “erebos1” kindly made available by BAW), so it 

takes totally one week for the 30 years (1970 to 2000 or 2070 to 2100). Therefore, TELEM-

AC2D provides a powerful and computationally efficient tool that can be part of an operation-

al model system for storm-tide prediction in the North Sea. The simulated and observed val-

ues of the 2006 surge-tide at Cuxhaven and Sylt are compared.  

The performance parameters (standard deviation ϭ, Root Mean Square Error RMSE and cor-

relation coefficient (CC) as presented in Table 3.5. The performance parameters at Sylt are 

better than those at Cuxhaven.  The standard deviation of the surge-tide η
su-t TEL

 predicted by 

TELEMAC2D at Sylt with ϭ =0.69 m, is representative of the observed values η
OB

, meanwhile 

the correlation coefficient is approximately 0.96 at both sites. The extreme values of the ob-

served water level η
OB

at both sites during the storm of November 2006 are larger than the pre-

dicted η
su-t TEL

 values. The difference is assumed to be due to the approximation of the non-

linear interaction between the components of the surge-tide by TELEMAC2D (η
NLT

) that may 

additionally shift the arrival time of the extreme peak of η
su-t TEL

. On other hand the observed 

water level data series contain naturally the relevant information about the nonlinear interac-

tion of extreme storm-tide components at both sites. A pragmatic data-driven approach can 

learn from the observed water level data. This approach can use artificial neural networks 

(ANNs) to assess the contributions of the missing non-linear interaction terms to the resulting 

extreme storm-tide (see chapter 4). 

AS both TELEMAC2D and TOMAWAC models are parts of the TELEMAC system, they 

share the same geometry and boundary conditions files to run the simulations and can be cou-

pled. The wave setup (η
w

) is the difference between the coupled storm-tide results 

(η
st-t TEL-TOM

) and the simulated surge-tide by TELEMAC2D alone (η
su-t TEL

). It is noticeable 

that, the wave setup does not exceed 10 cm (Figure 3.15) during the storm of November 2007 

(due to the long duration of westerly winds (see Table 4.3)) and has no effect in the storms of 

January 2000 and November 2006. So, the wave setup has approximately no contribution to 

the water level at both interesting sites, because the source of the momentum flux to the water 

column is limited to the white capping-induced energy dissipation outside the surf zone with 

depth greater than 20 m. The coupling of TELEMAC2D and TOMAWAC for storm-tide sim-

ulation at the two selected sites, Cuxhaven and Sylt, has approximately no difference with 

surge-tide simulations and the effect of wave setup can be neglected. This reduces the compu-

tation time by using TELEMAC2D only instead of coupling TELEMAC2D and TOMAWAC 

to hindcast the storm-tide observed in the past (1970-2007) (see chapter 4) and to predict fu-

ture storm-tide (2070-2100) (see chapter 5).  
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4 Extraction of the nonlinear interaction between the extreme 

storm-tide components at Cuxhaven and Sylt  

A proper physically-based coupling of all components will probably take decades to be im-

plemented in the current operational hydrodynamic models. Because the storm-tide phenome-

non is affected by many different factors, it usually has strong nonlinear and nonstationary 

characteristics. Meanwhile, rather a more pragmatic data-driven approach is required to assess 

the contributions of these nonlinear interactions to the resulting extreme storm-tide. Making 

use of Artificial  neural networks (ANNs), which are able to approximate implicitly any non-

linear mathematical functions (Hornik, 1993), allow plausible simulations of complex systems 

behaviour without any preceding knowledge of the internal relations among their components 

(Haykin, 1999). So, from the nonlinear functionality background of the biological neural net-

works and its ability to learning, ANNs are being applied to extreme storm-tide prediction, 

provided that a reasonable amount of good quality observed water level data has been collect-

ed. The ANNs models provide two significant advantages due to its ability of overcoming the 

problem of nonlinear relationships (Tissot et al., 2002):  

1. They reduce the requirements of having a large computation grid outside the region of 

interest,  

2. They can easily incorporate information from land-based stations (e.g., information 

about frontal passages) which may be difficult to incorporate into a finite element mod-

el discretized over the water only. 

Such a pragmatic approach is proposed, which is based on two types of extreme water level 

ANNs models: (i) using the Nonlinear Autoregressive with eXogeneous inputs (NARX) neu-

ral network model alone (Type-A), (ii) combining the NARX models with hydrodynamic nu-

meric models (flow model TELEMAC2D (Hervouet, 2007; Hervouet & Van Haren, 1994) 

and wave field model TOMAWAC (Benoit, 2003; Benoit et al., 2001)) (Type-B). Ensembles 

methods are then used to reduce variance and minimize error especially in extreme storm-tide 

events. Several ensemble fitting neural network (EFN) models are developed and tested. The 

approach was applied for two pilot sites in the North Sea (Cuxhaven and Sylt). In this way the 

nonlinear interactions of the different extreme storm-tide components are considered and cor-

rect the substantial errors in both magnitude and timing of the extreme storm-tide peaks. Since 

the observed water level data series is used during the NARX training process, it contains the 

relevant information about the nonlinear interaction of extreme storm-tide components. The 

ensemble models are able to extract the contribution of the nonlinear interaction between the 

different extreme storm-tide components at both sites by subtracting the results of the hydro-

dynamic models (linear superposition of storm-tide components) from the ensemble results 

(hybrid TELEMAC-NARX model).  

Since the long-term water level observations in the past at Sylt may be not available, the logi-

cal way of this data recovery is to use measurements from the nearest available tide gauge 

station like Cuxhaven. However, differences in the phase and amplitude of water level be-

tween the two tide gauges (due principally to the tides) make it difficult to determine reliable 
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linear relationships between the two pilot sites. This holds especially for sites separated by 

distances from tens to hundreds kilometers. So due to the non-linear nature of the relationship, 

another NARX model is required to supplement hourly water level records at Sylt using ob-

servations from Cuxhaven. 

4.1 Artificial Neural Networks and backpropagation learning algorithm 

Data-driven modeling (DDM) uses algorithms (such as ANNs, fuzzy systems and evolution-

ary computation) that estimate unknown mapping or dependency (could be until now not fully 

understood) between system inputs and its outputs based on the available data (Mitchell, 

1997). When such a relationship is discovered, it can be used to predict the future system out-

puts from the known input values (Figure 4.1).  

ANNs is a methodology used in building models that are based on data-driven modelling 

(DDM), which would complement the “knowledge-driven” models (process-based models) 

describing behaviour of physical systems (Solomatine, 2002). 

4.1.1 Physical Structure of biological neuron 

Neuron has four general regions: dendrites, synapses, cell body, and axon; each defined by its 

physical position in the cell as well as its function, the structure of a generic neuron is shown 

in Figure 4.2. 

a) Functionality and information processing of biological neuron 

The transmembrane potential is the electrical potential of the cell’s interior relative to its sur-

roundings. Inputs from other neurons or specific stimuli cause changes in the neuron’s mem-

brane potential that act as signals, transmitting and processing information. Thus, to under-

stand how neurons become excited or inhibited and how they communicate with other cells, 

we first need to examine how chemical and electrical forces form, maintain, and alter mem-

brane potentials. The important membrane processes that will be examined are the resting 

potential, graded potential, action potential, synaptic activity, and information processing 

(Figure 4.3). 

 Resting potential: a resting cell has ions that unequally distributed between the inte-

rior of cells and the fluid that surrounds them. As a result, the inside of a cell is neg-

atively charged relative to the outside. Because the attraction of opposite charges 

across the plasma membrane is a source of potential energy, this charge difference 

or voltage, called the resting membrane potential.  

 Graded potential: A typical stimulus produces a temporary or short-lived, localized 

change in the resting potential. The effect, which decreases with distance from the 

stimulus, is called a graded potential. Graded potentials are called “graded” because 

their magnitude varies directly with stimulus strength. The stronger the stimulus, 

the more the voltage changes and the farther the current flows. 
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Figure 4.1: Learning process in data-driven modelling (Solomatine, 2002). 

 

Figure 4.2: Schematic representation of biological neuron (“Complete neuron cell diagram,” 2013). 

 Action potential: If the graded potential is large enough, it triggers an action poten-

tial in the membrane of the axon. The principal way neurons send signals over long 

distances is by generating and propagating action potentials (APs) along the surface 
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of an axon and does not diminish as it moves away from its source. This impulse 

travels along the axon to one or more synapses. 

 Postsynaptic potential: Synaptic activity then produces graded potentials in the 

plasma membrane of the postsynaptic cell. The presynaptic cell typically releases 

neurotransmitters. These chemicals bind to receptors on the postsynaptic plasma 

membrane, changing its permeability and producing graded potentials.  

 Information processing: When a nerve impulse reaches the axon terminal, it sets in-

to motion a chain of events that triggers neurotransmitter release. The response of 

the postsynaptic cell ultimately depends on what the stimulated receptors do and 

what other stimuli are influencing the cell at the same time. The integration of stim-

uli at the level of the individual cell is the simplest form of information processing 

in the nervous system. 

 

Figure 4.3: An Overview of Neural Activities (Martini et al., 2011). 

4.1.2 Mathematical model of artificial neuron 

The artificial neuron (AN) is a mathematical representation of the biological one that was in-

troduced before. Since its introduction by (McCulloch & Pitts, 1943), there have been hun-

dreds of different models considered as ANNs. The differences are in the activation function, 

topology, and learning algorithms. 

In principle, each AN receives signals from the environment (system causal variables) or oth-

er ANs. In this way, they mimic some biological neurons that are specialized to detect chang-

es in environment from outside the body, or the synapse between any two communicating 

biological neurons. Thus, if we have a neuron (node) receiving R input signals p1, p2,…, pR, 

then these form an input vector (p). The modulatory effect of each synapse is encapsulated by 

simply multiplying the incoming signal with a weight value, where excitatory and inhibitory 

actions are modelled using positive and negative values of the weight vector (W). This is the 

analogue of a postsynaptic potential and may be negative or positive, depending on the sign of 

the weight that represents the action of neurotransmitters on a postsynaptic neuron. Therefore, 

each node has R weights w1, w2,…, wR and form the R products w1p1, w2p2,…, wRpR, which 

is the analogue of graded potential by biological neuron. 
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Figure 4.4: An artificial neuron model. 

To emulate the generation of action potentials and information processing by biological neu-

ron, we need a threshold value or bias bj associated with each AN. The bias should now be 

combined with all weighted input products in a process to emulate the integration of EPSPs 

and IPSPs, which is taking place at the axon hillock. This will be done by simply adding them 

together to produce the net (nj) as follows: 

 n j = p1w1j + p2w2j +⋯+ pRwRj + bj   (4.1) 

where 𝑤𝑖𝑗 represents the connection weight from the 𝑖 − 𝑡ℎ AN in the preceding layer to the 

current layer neuron j. 

The firing of an AN and the strength of the exiting signal are controlled by an activation func-

tion. The AN collects all incoming signals, and computes a net signal as a function of the re-

spective weights. The net signal serves as input to the activation function which calculates the 

output signal of the AN (The “all-or-nothing” character of the action potential by biological 

neuron). The bias of the AN must be exceeded before it can be activated. A constant 1 enters 

the neuron as an input and is multiplied by a scalar bias b. The following equation defines the 

operation:  

 
aj  =  f(∑piwij

R

i=1

+ bj) (4.2) 

The function f is called an activation function. Its functional form determines the response of 

the AN to the net input signal. The net input to the transfer function f is n, which is the sum of 
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the bias b and the vector product Wp. The neuron’s output (a) is a scalar in this case. If there 

was more than one neuron, the network output would be a vector. Neurons can use any differ-

entiable transfer function to generate their output such as logsig and tansig functions (Hagan 

et al., 1996), considering the output value of these function was in the range of [-1,1]. 

4.1.3 Artificial neural networks architectures  

Usually one neuron may not be enough even with many inputs, so two or many neurons work-

ing together in parallel in a way so called a layer, also many layers can be attached together to 

mimic the real neural networks for better performance. 

(a) Multiple layers of artificial neurons 

A network can have several layers. Each layer has its own weight matrix 𝑊, its own bias vec-

tor 𝑏, a net vector 𝑛 and an output vector 𝑎. Some additional notation is necessary to be intro-

duced to distinguish between the weight matrices, output vectors, etc., for each of these layers. 

In that case, the number of the layer is appended as a superscript to the names for each of 

these variables. The use of this layer notation can be appreciated in the three-layer network 

shown below, and in the equations at the bottom of the Figure 4.5. 

 

Figure 4.5: Schematic example with three-layer network abbreviated notation (Beale et al., 2013). 

The three-layer network shown in Figure 4.5 has 𝑅 inputs, 𝑆1 neurons in the first layer, 𝑆2 

neurons in the second layer, etc. Moreover, in each layer a constant input 1 is fed to the bias 

for each neuron. Normally, different layers can have different numbers of neurons.  

4.1.4 Learning methods  

The learning process, also known as training or teaching is carried out according to a learning 

method. During learning the synaptic weights and biases are adjusted so that the error surface 
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converges to a minimum. Here comes the learning algorithms to find the best values for W 

and b from the given data until a certain criterion is achieved. 

The training process for an ANN is employed to find optimal weight matrices W and bias 

vector b in order to generate an output vector a = (a1, . . . , 𝑎j, . . . , 𝑎q) that is as close as possi-

ble to the target vector ta = (t1, . . . , tj, . . . , tq). So its objective is to minimize a predetermined 

error function that usually has the form:  

 E =  ∑∑(tj − aj)
2

𝑝𝑞

 (4.3) 

where 𝑡𝑗 is a component of the desired output vector ta ,  

and 𝑎𝑗  is the corresponding ANN output, 

𝑝 is number of nodes in the output layer and 𝑞 is number of training patterns. 

Each pass through the training data is called epoch and the ANN learns through the overall 

change in weights accumulated over many epochs. One of the main types of learning is Su-

pervised learning (Figure 4.6), where the ANN is provided with a data set consisting of input 

vectors and a target (desired output) associated with each input vector. This data set is referred 

to as the training set. The aim of supervised training is then to adjust the weight values such 

that the error between the generated output 𝑦 of the neuron and the target output t, is mini-

mized. 

 

Figure 4.6: Supervised Artificial Neural Network learning process schematic (Beale et al., 2013). 

(a) Back-propagation and Levenberg-Marquardt training algorithms  

The back-propagation is a type of the supervised learning where the training set (input and 

target data pairs) is provided to the ANN. The most common ANN architecture used with 

back-propagation algorithm is the feed-forward multilayer perceptron (MLP).  

Standard back-propagation is a gradient descent algorithm, which seeks the weight and bias 

vectors that minimize the error by starting with an arbitrary random initial vectors, then re-
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peatedly modifying it in small steps (i.e. move along the negative of the gradient of the per-

formance function). At each step, these vectors are altered in the direction that produces the 

steepest descent along the error surface. The steps of the algorithm are presented below: 

1. Set initial weights randomly, usually in small range near to zero, e.g. [-0.1,0.1] 

2. For each example or pattern in training set 

a. Apply input, P to calculate output a. 

b. Compare the predicted output a with the observed output ta. 

c. Calculate error: e = ta-a 

3. Use error to revise weights and biases vectors:Xk+1=Xk+αs gk , where α is the learn-

ing rate and gk  is the current gradient. 

4. Repeat step 2 until convergence (no error changes). 

Usual back-propagation training methods like gradient descent and gradient descent with 

momentum are usually too slow for practical problems. There are high-performance algo-

rithms that can converge from ten to one hundred times faster than other algorithms. All these 

faster algorithms operate in batch modes and based on other standard optimization techniques, 

such as conjugate gradient, Quasi-Newton and Levenberg-Marquardt methods. 

An alternative algorithm called the Levenberg-Marquardt algorithm proposed by Hagan and 

Menhaj (1994). This algorithm is a quasi-Newton approach and it has the capability of finding 

optimal solutions for a variety of problems. It gives much quicker convergence at the cost of 

more intensive computational requirements. As the quasi-Newton methods, the Levenberg-

Marquardt algorithm was designed to approach second-order training speed without having to 

compute the Hessian matrix (the matrix of the second-order partial derivatives) (Beale et al., 

2013). 

Error surfaces of dynamic networks like NARX can be more complex than those of static 

networks like MLP. In function approximation problems, for networks like NARX that con-

tain up to a few hundred weights, the Levenberg-Marquardt algorithm will have the fastest 

convergence. This advantage is especially noticeable if very accurate training is required. It is 

specifically designed to minimize sum-of-square error function of the form (Ranganathan, 

2004), 

 E = 1
2⁄  ∑(eq)

2

𝑞

= 1 2⁄  ‖e‖2 (4.4) 

Where eq is the error in the q
th

 exemplar or pattern and e is a vector with element eq. If the 

difference between the pervious weight vector w(k)and the new weight vector w(k + 1) is 

small, the error vector can be expanded to first order by means of a Taylor series (Sapna et al., 

2013) 
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e(k+1)=e(k)+ 

∂eq
∂wi
⁄ (w(k+1)-w(k)) (4.5) 

As a consequence, the error function can be expressed as 

 

E= 1
2⁄ ‖e(k)+ 

∂eq

∂wi
⁄ (w(k+1)-w(k))‖

2

 (4.6) 

Minimizing the error function with respect to the new weight vector, gives 

 w(k+1)=w(k)- (JT J)-1JTe(k)                   (4.7) 

Where J is the jacobian 

 
(J)qi≡ 

∂eq
∂wi
⁄  (4.8) 

Since the Hessian for the sum-of-square error function is 

 

(Hessian)
ij
= ∂

2
E

∂wi∂wj
⁄ = ∑{(

∂eq

∂wi
⁄ )(

∂eq

∂wi
⁄ )+eq

∂
2
eq

∂wi∂wj
⁄ } (4.9) 

Neglecting the second term, then the Hessian matrix can be approximated as Hessian =  JTJ 

Updating of the weights therefore involves the inverse Hessian or an approximation thereof 

for nonlinear networks. The Hessian is relatively easy to compute, since it is based on first 

order derivatives with respect to the network weights that are easily accommodated by back-

propagation. Although the updating formula could be applied iteratively to minimize the error 

function, this may result in a large step size, which would invalidated the linear approximation 

on which the formula is based (Sapna et al., 2013). 

In the Levenberg-Marquardt algorithm, the error function is minimized, while the step size is 

kept small in order to ensure the validity of the linear approximation. This is accomplished by 

use of a modified error function of the form (Sapna et al., 2013), 
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E= 1 2⁄ ‖e(k)+ 
∂eq

∂wi
⁄ (w(k+1)-w(k))‖

2

+ μ ‖w(k+1)-w(k)‖2   (4.10) 

where μ is a parameter governing the step size.  

 

Minimizing the modified error with respect to w(k+1) gives, 

 w(k+1)=w(k)- (JTJ+μI)-1JTe(k) (4.11) 

very large values of μ amount to standard gradient descent. When the scalar μ is very small, 

this amounts to the Newton method using the approximated Hessian matrix. Newton’s method 

is faster and more accurate near an error minimum, so the objective is to go to Newton’s 

method as quickly as possible. Thus, μ is decreased after each successful step (that means 

reduction in performance function) and is increased only when a tentative step would increase 

the performance function. 

4.1.5 Capabilities and limitations of ANN approach 

(a) Advantages of the ANN approach 

The major advantage of neural networks is that, they are capable of approximating any con-

tinuous function, and thus the researcher does not need to have any hypotheses about the un-

derlying physical processes and their modelling (Haykin, 1999). The resulting network devel-

oped in the process of “learning” represents a pattern detected in the data (data driven model-

ling). Thus, in principle, ANN method can also be applied to many research issues in coastal 

engineering. 

(i)  Hindcasting: Training with short-term data for long-term predictions. 

Theoretically, as long as the collected training data set covers the maximum range of the pos-

sible variability in the interested process, a short-term data set can be used to train the devel-

oped ANN model for long-term predictions.  

(ii)  Real-time nowcast 

ANN models can be effectively used in real-time forecasting due to the rapid speed in obtain 

the model output.  

 

(b) Limitations and Potential Solution Approaches of the ANN Approach 

(i)  Predictions limited to training stations 
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Normally, The ANN model has to be trained using an observed time series obtained at certain 

station. It cannot provide predictions at other stations where the model is not trained. So, we 

need to collect data for model training at every station where we expect to obtain long-term 

model predictions. Moreover, we may not have enough field observations at every station. 

This might represent the major limitation of the ANN models in comparison with process 

based models. However, the combine of ANNs models with the process based models reduce 

the required amount of training data to be collected from single or several stations.  

(ii)  Training algorithm 

A back-propagation network based on the standard gradient-descent training method some-

times suffers from slow convergence to the presence of one or more local minima. There are 

several optimization methods which can be used to improve the convergence speed and the 

performance of network training. All these faster algorithms operate in batch modes and based 

on other standard optimization techniques, such as conjugate gradient, Quasi-Newton and 

Levenberg-Marquardt methods. 

(iii)  Overfitting 

In general, overfitting is one of the problems that may occur during the training of a neural 

network. Since the network has memorized the training pattern it cannot generalize to new 

data. In this case the error for a training series is very small but the developed network results 

into large error for new data series. 

The first approach for improving network generalization is to use an adequate-size network, 

which is just large enough to provide an adequate fit. The larger a network is, the more com-

plex the functions that the network can create which may cause overfitting. If we use a small 

enough network, it will not have enough power to overfit the data. 

The second method for improving generalization is called early stopping. In this technique, 

the validation series was used to improve the generalization. The validation error is monitored 

during the training process. The errors on the validation and training series usually decrease 

during the initial phase of training and as soon as the network begins to overfit the data, the 

validation error increases for a number of iterations (here six iterations), the training is 

stopped. 

(iv)  Data Ranges for Network Training 

In general, an ANN is trained using data within a specific range. Then, in applying a validated 

ANN model in forecasting simulations, the results are expected to be good if the data are giv-

en within the same range, which is similar to the interpolation of a regression function. If the 

data are out of the range, which is similar to the extrapolation of a regression function, model 

simulations sometime may not be good. 

To resolve this weakness, we can analyze the long-term historic data, and use a data set that 

reflects the maximum range to cover the extreme weather and storm surge conditions. As a 

result, data to be used in any ANN model simulations will fall within the range of the training 

data set so that good simulation results can be obtained. 
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Artificial Neural Networks (ANNs) are systems based on the operation of biological neural 

networks (BNNs), in other words, are a mathematical abstraction (an emulation) of BNNs. 

Both BNNs and ANNs are network systems consist basically from “neurons”. ANNs are a 

type of nonlinear processing systems that are ideally suited for a wide range of complex sys-

tems behaviour, especially those where there is no physical knowledge of the internal relation 

known for nonlinear behaviour completion. ANNs can be trained to solve certain problems 

using a teaching method (like back-propagation algorithm) and samples data. A drawback of 

back-propagation algorithm is that it needs a long learning time and is affected by local mini-

ma. While it gives good results, its convergence to optimal network tends to be rather slow. 

An alternative algorithm called the Levenberg-Marquardt algorithm proposed by Hagan and 

Menhaj (1994), which gives much quicker convergence as the quasi-Newton methods. In this 

way, identically constructed ANN can be used to perform different tasks depending on the 

training received. With proper training, ANNs are capable of generalization, the ability to 

recognize similarities among different input patterns, especially patterns that are new or have 

been corrupted by noise. 

4.2 Development of the NARX models to predict extreme storm surges at 

Cuxhaven and Sylt  

Using the hourly meteorological forcing between 1970 and 2007 generated by the Regional 

Climate Model (RCM) SN-REMO, along with the observed water level data from 1997 to 

2007 for Cuxhaven and from 1999 to 2007 for Sylt, two types of extreme water level ANNs 

models called NARX (Nonlinear AutoRegressive eXogenous inputs) were developed: (i) 

NARX neural network model to predict the extreme storm-tide (Type-A), (ii) NARX neural 

network model to nonlinearly correct the numerical storm-tide results from TELEMAC2D 

(Type-B).  

The construction of each NARX model type is performed in two phases (see Table 4.1), due 

to the large number of neural architectural parameters (e.g. the number of hidden layers and 

number of hidden neurons in each layer) that can be modified. The first phase deals with the 

determination of the optimum number of input variables time series lags that should be in-

cluded as input, also the optimum architectural parameters and best training algorithm using 

STATISTICA Automated Neural Networks (SANN) in STATISTICA package version 10 

from Statsoft Inc.. In the second phase, the final NARX model type is developed using Matlab 

neural networks toolbox for further structural parameters configuration and modifications that 

are based on the optimum structure obtained by SANN. 

The use of ensembles methods can significantly reduce variance and minimize error especial-

ly in extreme storm-tide events. The ensemble forecasting method averages results from the 

best NARX models. Several different ensemble fitting neural network (EFN) models are de-

veloped and tested, varying the architectural parameters used for each ensemble. 

Finally, the two types of NARX models and their ensemble prediction results are validated in 

terms of correlation coefficient (CC), root mean square of error (RMSE) and standard devia-
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tion (σ) using observed water level data, in order to determine the  models with the best pre-

diction performance for water levels at the two locations between 1991 and 2007. 

4.2.1 Input variables selection and preparation for the developed NARX models 

The ANN models in the learning phase capture the nonlinear nature between extreme water 

level components using a moderate time span (approximately 5 years) of the observed water 

levels at Cuxhaven and Sylt. A subset of the observed water level data at Cuxhaven and Sylt 

for learning and validating the models should be selected such that it does not contain gaps 

and/or a substantial amount of improbable observed values. This criterion is fulfilled for Cux-

haven data between 1997 and 2007, while for Sylt between 2000 and 2007. The observed wa-

ter level data for each year of the above selected periods are recorded with time interval be-

tween 10 minutes and 1 hour, which are temporally interpolated in order to be synchronized 

with the available meteorological data every hour. 

Table 4.2 shows the input and output data for the two developed NARX models at Cuxhaven 

and Sylt. The input deck of the two NARX models types consists of the astronomical tidal 

forecasts, significant wave height produced by TOMAWAC numerical wave model, the two 

wind speeds components in east-west direction (wind U component or zonal component) and 

in south-north direction (wind V component or meridional component), external surge from 

Wick station, and sea level pressure for Cuxhaven and Sylt in addition to the Elbe river dis-

charge (in case of Cuxhaven only).  

For Cuxhaven and Sylt, the wind and pressure setups are presented to the developed NARX 

models in input deck as the sea level pressure and the two wind speed components data (in 

east-west direction (wind U component or zonal component) and in south-north direction 

(wind V component or meridional component)). For the two pilot sites, Figure 4.7 and 

Figure 4.8 show the descriptive statistics for these three meteorological factors. They exhibit 

almost the same statistical magnitude of the data mean, median and statistical distribution 

behaviour. Only the wind meridional component at Sylt was slightly stronger than at Cuxha-

ven because of the higher wind data frequency in the ranges of 10 to 30 m/s and -10 to -30 

m/s for Sylt. These three meteorological factors were generated using the RCM SN-REMO, 

which interpolated in space and time to the interested TELEMAC2D North Sea modeled area 

including Cuxhaven and Sylt (Tayel & Oumeraci, 2012b). 

The study of 73 external surges which occurred from 1971 to 1995, showed that the residual 

contribution of the external surge in Cuxhaven without the wind effects may amount 10 cm to 

109 cm (Gönnert & Thumm, 2010). In order to take this component into account, the ob-

served external surges data at Wick between 1969 and 2007 were downloaded from the Brit-

ish Oceanographic Data Centre (BODC) website http://www.bodc.ac.uk/, but these data con-

tain gaps and improbable values. So an external surge NARX model was used to fill the gaps 

in the observed external surge (Tayel & Oumeraci, 2012b). 

The seiche component for the storm surge in the North Sea once occurred in December 1954. 

Two storm surges “twin” occurred during the period of 21-24 of December. The period be-

http://www.bodc.ac.uk/
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tween the maxima of the two storms (about 35 hours) was such as to cause almost complete 

resonance for the North Sea (Weenink, 1956). Normally, the storms of the North Sea have 

wind variations at time scales shorter than the resonance period in order to complicate the 

response. At Cuxhaven and Sylt, the seiche is triggered mainly by tides and/or storm surges 

long waves. So, seiche is introduced through the surge-tide simulation results by TELEM-

AC2D, which are based on the bathymetry and geometry of the North Sea area of 2006, to the 

developed NARX models. 

The effect of waves on the surge-tide at Cuxhaven and Sylt is shown during the the storms of 

January 2000, November 2006 (see Figure 3.10 and Figure 3.11) and November 2007 (called 

Tilo, see Figure 3.15) by coupling TELEMAC2D and TOMAWAC (see section 3.2.5). The 

wave setup has no effect at both sites, since they are outside of the surf zone with depth great-

er than 20 m. Therefore, the coupling of TELEMAC2D and TOMAWAC is not required for 

the North Sea model to include the wave setup effect (η
w

) at both sites in order to reduce 

computation time. Nevertheless, the significant wave heights (Hs) were calculated by using 

the meteorological forces of the RCM SN-REMO over the North Sea area and extracted for 

Cuxhaven and Sylt as input for the two NARX types. 

The daily fresh water discharges of the Elbe River at Geesthacht from 1960 to 2007 are sup-

plied by Federal Waterways Engineering and Research Institute (BAW), which are hourly 

interpolated in order to be synchronized with the other NARX input variables data. 

Coriolis force is a result of the earth rotation, and causes wind-driven currents in the Northern 

Hemisphere to be deflected to the right in a rotating frame of reference. This apparent force 

affects all oceanic and atmospheric movement in coordinates that rotate with the earth. In a 

basin with the dimensions of the North Sea, the rotation of the earth affects the tides and other 

components. The importance of the earth’s rotation can be estimated with the Rossby defor-

mation radius (Pedlosky, 1982). The Rossby radius for the North Sea is about 270 km making 

necessary to take into account the inertia effects of Coriolis force. Hence, during the surge-

tide simulations by TELEMAC2D, which build the input to the developed NARX models, the 

keyword CORIOLIS is set to true. 

The observed external surges data at Wick, which is one of the NARX models inputs, is cal-

culated as the difference between the actually observed water level and the predicted astro-

nomical tide. It includes implicitly the effect of sea level rise over the deep northern part of 

the North Sea. Furthermore, it is added linearly to tides in the north-western boundary during 

surge-tide simulations by TELEMAC2D (Figure 3.8), which is included in NARX input vari-

ables. 
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Table 4.1: Development phases 1 and 2 for NARX models Type A and Type B at Cuxhaven and Sylt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

SANN: STATISTICA Automated Neural Networks, which used to automatically train and try the various combinations of architectural parameters for ANNs development. 

NARX Type-A: NARX neural network models to predict the extreme storm-tide without the inclusion of numerical surge-tide results from TELEMAC2D in input. 

NARX Type-B: NARX neural network models to nonlinearly correct the numerical surge-tide results from TELEMAC2D 
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Table 4.2: Input and output for the developed NARX models Type A and Type B at Cuxhaven and Sylt. 

Description 
Cuxhaven 

(Type-A and Type-B) 

Sylt 

(Type-A and Type-B) 

Input 

 Time series of wind U compo-

nent. 

 Time series of wind V compo-

nent. 

 Time series of sea level pres-

sure. 

 Time series of observed water 

level. 

 Time series of Elbe River dis-

charge. 

 Time series of external surge at 

Wick. 

 Astronomical tidal prediction 

time series. 

 TOMAWAC Significant wave 

height (Hs) results time series. 

 TELEMAC2D surge-tide re-

sults time series (for Type-B 

only). 

 Time series of wind U compo-

nent. 

 Time series of wind V compo-

nent. 

 Time series of sea level pres-

sure. 

 Time series of observed water 

level. 

 Time series of external surge at 

Wick. 

 Astronomical tidal prediction 

time series. 

 TOMAWAC Significant wave 

height (Hs) results time series. 

 TELEMAC2D surge-tide re-

sults time series (for Type-B 

only). 

output 
Time series prediction of extreme 

water level every hour 

Time series prediction of  extreme 

water level every hour 

Training period 1998 to 2005 2000 to 2005 

Prediction period 1991 to 2007 1991 to 2007 
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Figure 4.7: Descriptive statistics of the main meteorological factors at Cuxhaven between 1998 and 2007. 
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Figure 4.8: Descriptive statistics of the main meteorological factors at Sylt between 2000 and 2007. 



 
Extraction of the nonlinear interaction between the extreme storm-tide 

components at Cuxhaven and Sylt 113 

 

   

 

4.2.2 The nonlinear nature of observed extreme storm-tide at Cuxhaven and Sylt 

In order to examine the effects of storm events on the nonlinear nature of the observed ex-

treme water level inside the German bight, three storm events were selected, namely, the 

storms of January 2000, November 2006 and November 2007 (called Tilo). These storms 

were selected owing to their historical significance and the amount of destruction caused 

(Munich Re, 2012). Table 4.3 shows the main characteristics of the selected storm events and 

the extreme observed water levels (η
OB

) generated by the input variables in Table 4.2. These 

storms were typical low-pressure areas (less than 100000 Pascal) moving from west to east 

across the central North Sea as shown by mean wind directions (Table 4.3), causing strong 

onshore winds combined with a strong surge. The mean wind speeds during these selected 

storms ranged between 16.1 and 20.4 m/s, and the mean wind directions were between 284.3
o
 

and 333.9
o
.  During the storms of January 2000 and November 2006, the meteorological char-

acteristics at Cuxhaven differ slightly from those at Sylt. In contrast, the mean wind speed and 

duration during the storm of November 2007 at Cuxhaven are 16.1 m/s and 29 hours respec-

tively, differ from those at Sylt of 19 m/s and 24 hours respectively. It is noticeable that, as 

the duration is getting shorter, the mean wind speed is getting higher. The longest north-

westerly wind happened during the 2007 storm event at Cuxhaven of 29 hours but its mean 

wind speed is the lowest with 16.1 m/s. Furthermore, the shortest duration occurred during the 

January 2000 storm event at Sylt of 10 hours but its mean wind speed is the highest with 20.4 

m/s. The January 2000 and November 2006 storms occurred in conjunction with a neap tide, 

as opposed to a spring tide for November 2007. The tidal range of the spring tide at Cuxhaven 

is 3.0 m, which is about the double of its value at Sylt with 1.7 m. This occurrs due to the dif-

ference in latitude and morphology of the two sites. Moreover, the observed external surges at 

Wick have an effect on the extreme water level during the storm of January 2000 with maxi-

mum of 0.76 m, while it is much less important during the other two storms. Since the exter-

nal surges propagate from Wick to Cuxhaven and Sylt, its effect on the two sites occurs after 

the time of its maximum at Wick (Figure 4.9 and Figure 4.10). The effects of wave setup and 

river discharge on the water level during these storms are almost negligible (see 

tion 4.2.13.2.5) especially with the small wave heights (Hs < 1 m) and small river discharge 

(Q < 600 m
3
/s) (Table 4.3). The predicted storm-tide by TELEMAC2D (η

st-t TEL-TOM
) at Cux-

haven and Sylt during these three storms serve as input to the ANNs models. The comparison 

between the extreme of η
st-t TEL-TOM

 and the observed storm-tide (η
OB

) is explained in sec-

tions 4.3.2 and 4.3.3. It is noticeable that, the heights of η
OB

 peaks always overestimate those 

calculated by η
st-t TEL-TOM

 during these three storms at Cuxhaven and Sylt. This is due to the 

approximation of the nonlinear interaction between the components by TELEMAC2D (η
NLT

) 

that lead additionally to the shift in the arrival time of η
st-t TEL-TOM

 (see Figure 4.9 and 

Figure 4.10). moreover, the overestimation of sea level pressure in certain storms leads to the 

underestimation of the predicted storm-tide such as in storm of November 2007. The highest 

extreme η
OB

 occurs during the 2007 storm event at Cuxhaven with 4.42 m, while it was 3.19 

m for η
st-t TEL-TOM

.
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Figure 4.9 and Figure 4.10 show the temporal variations of the input variables (Table 4.2) for 

Cuxhaven and Sylt respectively during the storm of January 2000. The two wind speed com-

ponents and sea level pressure are the interpolated values at Cuxhaven and Sylt which are 

extracted from the RCM SN-REMO. Furthermore, the Elbe river discharge at Neu Darchau 

and the external surges at Wick were extracted from the recorded measurements. The tides at 

the selected sites were calculated using the harmonic analysis of the observed water level. 

Only the significant wave height (Hs) and the η
st-t TEL-TOM

 were simulated by the wave propa-

gation model TOMAWAC and the hydrodynamic model TELEMAC2D respectively under 

the effect of the meteorological force of SN-REMO. The observed storm-tide at the two pilot 

sites η
OB

 contains all of the components and implicitly their nonlinear interaction (η
NL

).  The 

highest η
OB

 peaks during the storm of January 2000 at Cuxhaven and Sylt, which reach 3.86 

m and 3.02 m respectively, overestimate those calculated by η
st-t TEL-TOM

 of 2.97 m and 3.02 

m respectively. Moreover, the η
NLT

 , which approximates the nonlinear interaction, shifts in 

the arrival time of η
st-t TEL-TOM

 peak by -9 hours at Sylt (see Figure 4.10). 

Table 4.3: Characteristics of the selected storm events and the extreme of observed storm-tide (η
OB

) at Cuxhaven 

and Sylt. 

Station 

input  

variables 

Cuxhaven Sylt 

January 

2000 

November 

2006 

November 

2007 

January 

2000 

November 

2006 

November 

2007 

sea level pressure 

(Pascal) 
98675.3 99441.6 99848.6 98197.6 99455 99723.2 

mean wind speed 

(m/s) 
18.4 17.8 16.1 20.4 16.9 19 

mean wind direc-

tion 

North =0
o
 

284.3 298.1 319.8 294.5 333.9 329.6 

duration of mean  

wind speed 

(hours) 

10 22 29 10 23 24 

Tidal range (m) 2.4 2.6 3.0 1.5 1.6 1.7 

maximum exter-

nal surge at Wick 

(m) 

0.76 0.26 0.40 0.76 0.26 0.40 

significant wave 

height Hs (m) 
0.32 0.38 0.41 0.20 0.35 0.24 

Elbe river dis-

charge (m
3
/s) 

577.3 296.4 524 - - - 

time for 

η
st-t TEL-TOM

  

30/1/2000 

7:00 AM 

1/11/2006 

7:00 AM 

9/11/2007 

12:00 PM 

30/1/2000 

6:00 AM 

1/11/2006 

8:00 AM 

9/11/2007 

1:00 PM 

Height of 

η
st-t TEL-TOM

 (m) 
3.24 2.97 3.19 2.58 2.09 2.30 

time for highest  

η
OB

 peak 

30/1/2000 

6:00 AM 

1/11/2006 

7:00 AM 

9/11/2007 

12:00 PM 

30/1/2000 

7:00 AM 

1/11/2006 

10:00 AM 

9/11/2007 

1:00 PM 

highest  

η
OB

 peak (m) 
3.86 3.81 4.42 3.02 2.21 2.65 
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Figure 4.9: Storm characteristics, ANN models input variables and the extreme of observed storm-tide during the storm of January 2000 at Cuxhaven. 
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Figure 4.10: Storm characteristics, ANN models input variables and the extreme of observed storm-tide during the storm of January 2000 at Sylt. 
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4.2.3 Identification of ANNs optimum parameters using SANN 

In any neural network model development, the first step is to design a specific network archi-

tecture. The architecture of a network describes how many layers a network has, the number 

of neurons in each layer, each layer’s activation function, and how the layers are linked to 

each other. Finding an optimal ANN architecture still remains an open problem of investiga-

tion and depends on the application domain (Noorzaei et al., 2007). The size and structure of 

the network needs to match the nature and complexity of the investigated phenomenon. In 

general, because the latter is obviously not known well at this early stage, this task is not easy 

and requires a lot of trial and error (Alliance & Huang, 2007). Therefore, Statistica Automated 

Neural Networks (SANN) was used to automatically test the various combinations of archi-

tectural parameters, in addition to obtain the optimum input variables time series lags that 

should be included. The final NARX model is refined and developed using Matlab neural 

networks toolbox as the second phase for further architectural parameters configuration based 

on the optimum architecture obtained by SANN. The different ANNs models using SANN are 

developed through the following three stages: 

Stage 1- Data Selection and ANNs models construction by SANN 

The general approach of learning begins with selecting three independent series of data 

among the available data series: a training series, a validation series and a testing series. The 

training series should contain most of the extreme events (Jayawardena & Fernando, 2001). 

Two ANN model types were developed using SANN for Cuxhaven and Sylt. Both types were 

learned using the same observed water level data and input deck. Exceptionally, type-B mod-

els have included in input additionally the predicted hourly surge-tide results from TELEM-

AC2D. Moreover, since the distance between Sylt and the main four rivers in the southern of 

the North Sea is more than 100 km, the Elbe river discharge input data is not included for both 

ANN model types of Sylt. Figure 4.11 show the input and output variables along with the 

modified structural parameters for the designed ANNs by SANN at Cuxhaven. The span peri-

ods of the used learning data for Cuxhaven and Sylt were from 1998 to 2005 and from 2000 

to 2005 respectively. Therefore the above selected learning data sets for Cuxhaven and Sylt 

are divided randomly in three series as the training series, the validation series and test series, 

which represent respectively 70%, 15% and 15% of the data. 

SANN provides time series (regression) analysis type, which considers that the target (de-

pendent) variables are continuous in nature, and may involve lagged (over time) predictions. 

Therefore, it is used for both ANN types with input variables time series lags from 1 to 24 and 

it can be represented as 

 𝑦(𝑡 + 1) = 𝑓[𝑢𝑚(𝑡), 𝑢𝑚(𝑡 − 1), … , 𝑢𝑚(𝑡 − 𝑑𝑢 + 1)],

𝑚 = 1,2, … , 𝑖𝑛𝑝𝑢𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 
(4.12) 
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where 𝑢𝑚(t)∈ℜ and y(t)∈ℜ denote, respectively, the (m) input variables and the output varia-

ble of the model at discrete time step t, while 𝑑𝑢≥1 is the input-memory orders. The nonlinear 

mapping f(.) is generally unknown and can be represented, for example, by a standard Multi-

layer Perceptron (MLP) network. 

Regression type series is usually concerned with predicting one or more continuous variables 

using a set of inputs at the same time step, so it considered only as the inclusion of zero lags 

of the input variables time series as follow 

 𝑦(𝑡 + 1) = 𝑓[𝑢𝑚(𝑡 + 1)], 𝑚 = 1,2, … , 𝑖𝑛𝑝𝑢𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 (4.13) 

For Cuxhaven and Sylt, only the regression and time series regression types are used in the 

development of ANN types. The input variables (um) for both ANN models type, which are 

developed by SANN, did not include the previous observed water level series as input.  

Stage 2- Model training 

SANN automatically use several training or teaching algorithms (back propagation, conjugate 

gradient descent, quasi-Newton, and Levenberg-Marquardt) to update the weights and biases 

in order to minimize the prediction error made by the network. From an initially random con-

figuration of weights and thresholds (i.e., a random point on the error surface), the training 

algorithms incrementally seek for the global minimum. For Cuxhaven and Sylt, the optimum 

architecture of the two models types using SANN was determined by teaching many MLP 

networks that have different architectural parameters. For each model type, 25 trials have 

been carried out. In such way the time lags of input variables were changed from 0 to 24. In 

each trail several MLP networks were trained by varying (i) the number of neurons in the hid-

den layer from 1 to 10 neurons, (ii) the type of activation function (identity, logistic, tangent 

sigmoid, exponential and sine functions) in the hidden and output layers. 

Stage 3- Determination of the optimum ANN architectural parameters 

In each trial for the two ANN model types A and B at Cuxhaven and Sylt, only the best net-

work based on the test set performance was selected. The results of  the two models types for 

Cuxhaven indicate an increase in the correlation coefficient and stable decrease in Sum 

Square of Error (SSE) until du=18 hours, while for Sylt the same behaviour is observed but 

only until du=16 hours.  

The optimum number of neurons in the hidden layer for the best selected MLP neural network 

changes from 3 to 10 neurons for both stations, which would give possibility to increase the 

over fitting chance. So, the exact number of neurons in the hidden layer will be determined in 

the second phase with the Matlab neural toolbox (Beale et al., 2013), which provides further 

architectural parameters configuration and efficient time series neural networks types more 

than SANN. Moreover, the candidate types of activation function of neurons in the hidden 

layer were either tangent sigmoid (tansig) or logarithm sigmoid (logsig). While the output 

layer has only one neuron with linear activation function. 

http://www.statsoft.com/textbook/statistics-glossary/b.aspx?button=b#Back Propagation
http://www.statsoft.com/textbook/statistics-glossary/c.aspx?button=c#Conjugate Gradient Descent
http://www.statsoft.com/textbook/statistics-glossary/c.aspx?button=c#Conjugate Gradient Descent
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Figure 4.11: Change of the architectural parameters of Type-A (a) and Type-B (b) ANNs models for Cuxhaven (in case of Sylt without Elbe discharge input variable) (see Eq. 

(4.12) and (4.13)).  

(a) (b) 
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4.2.4 Determination of the optimal number of neurons in the hidden layer of NARX 

models by Matlab neural networks toolbox 

The optimum MLP neural networks architecture developed using SANN consists of three feed 

forward layers i.e. with only one hidden layer, but the optimum number of neurons in this 

layer changes in the range from 3 to 10. If this number of neurons is not large enough, it will 

not capture the underlying behavior of the data. On the other hand, if it is larger than the un-

derlying behaviour of nonlinear interaction between the storm-tide components, it may in-

crease the over fitting chance and large computational time required for learning. In most cas-

es, the selection of the optimal number of nodes (neurons) in the hidden layer is a trial-and-

error procedure (Jayawardena & Fernando, 2001). The numbers of hidden neurons of both 

NARX models types were selected using the exhaustive search in the range from 3 to 10. 

These have been carried out in 8 trials for each NARX model type, through the following two 

steps: 

Step 1-NARX Models formulation  

The NARX neural network is a recurrent neural network model with feedback only from the 

output neurons. It has exogenous and endogenous time delayed inputs, which can be mathe-

matically represented as follows (Menezes Jr & Barreto, 2008): 

 𝑦(𝑡 + 1) = 𝑓[𝑦(𝑡), 𝑦(𝑡 − 1),… , 𝑦(𝑡 − 𝑑𝑦 + 1); 𝑢𝑚(𝑡

+ 1), 𝑢𝑚(𝑡), … , 𝑢𝑚(𝑡 − 𝑑𝑢 + 1)],

𝑚 = 1,2,… , 𝑖𝑛𝑝𝑢𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 

(4.14) 

where du≥ 1 and dy≥ 1, du ≥ dy, are the input-memory and output-memory orders. The next 

value of the dependent output signal y(t) is regressed on previous values of the output signal 

and previous values of an independent (this means exogenous) input signals. The resulting 

connection architecture is becoming a NARX recurrent neural network, as shown in 

Figure 4.12. 

For the determination of the number of hidden nodes, several NARX neural networks are de-

veloped using the optimum identified architectural parameters by SANN (see section 4.2.3). 

The two taped delay lines in each NARX network consists of du=18 hours for Cuxhaven and 

du=16 hours for Sylt. Furthermore, the selected activation functions for the hidden and output 

layers were respectively tansig and linear, as shown in Figure 4.13. 

Step 2- NARX Models training and results 

For Cuxhaven and Sylt, the number of hidden neurons for both NARX models types is deter-

mined using the exhaustive search in the range from 3 to 10. These had been carried out in 8 

trials for each NARX models type using the built-in matlab Levenberg-Marquardt algorithm. 

In each trial, the number of the hidden layer neurons is increased by one then repeated 30 
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times because of the random weight initialization. The performance of these NARX models is 

“validated” according to the Mean Square Error (MSE) over the entire training, validation and 

test series.  

 

Figure 4.12: Schematic representation of a NARX neural network, the boxed “Δ” represents a delay. 

 

Figure 4.13: NARX architecture for determination of the number of hidden neurons with m input variables (see 

Figure 4.11), tansig and linear activation functions in the hidden and output layers respectively 

(screenshot from neural toolbox in MATLAB 2013b). 

The MSE in each trial is characterized by a stable decrease (better performance) as the num-

ber of neurons in the hidden layer increases. This stable decrease of the MSE will change if 

the hidden neurons number leads to the over fitting problem. The lowest MSE for the two 

NARX models types is obtained with 8 neurons in the hidden layer based on its highest per-
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formance. The lowest MSE over all the repetitions for NARX model Type-B at Cuxhaven, 

which is 0.022 m, is lower than its counterpart of NARX model Type-A with 0.029 m. which 

indicates a higher performance of NARX Type-B than NARX Type-A due to the inclusion of  

the predicted surge-tide by TELEMAC2D in its input variables. This was also confirmed for 

Sylt, since the lowest MSE over all the repetitions for NARX model Type-B, which is 0.014 

m, is lower than its counterpart of NARX model Type-A with 0.020 m.  

4.2.5 Implementation of the NARX models for Cuxhaven and Sylt 

The SANN’s time series analysis type generates a static feed forward MLP and all the dynam-

ic information that could be learned from the past memories of the output (feedback) path is 

discarded. Hence, this simplified formulation, as shown in Eq. (4.12) eliminates a considera-

ble portion of the representational capabilities as a dynamic neural network. In order to cap-

ture the dynamics of the nonlinear extreme storm-tide behaviour and to obtain a dynamic neu-

ral network model, there are two elements that can be used simultaneously: memory lines and 

feedback. So, for improving the accuracy and predictability of the developed SANN time se-

ries models, the NARX neural network is used instead and implemented by Matlab neural 

networks toolbox. The output feedbacks to the input layer (global feedback) in NARX net-

works.  

For developing the final NARX models types, the optimum architectural parameters of the 

number of hidden layer neurons with 8 neurons, the input variables time lags with du=18 

hours for Cuxhaven and du=16 hours for Sylt are used. Only the type of activation function is 

changed for hidden and output layers. The transfer functions tansig or logsig are possible in 

the hidden layer, while for the output layer tansig and linear functions are the most appropri-

ate. 

The development of each NARX model type has been implemented in four trials using the 

built-in matlab Levenberg-Marquardt algorithm. In each trial, the type of activation function 

is changed either for hidden or output layers then repeated 30 times because of the random 

weight initialization. These NARX models prediction results were “validated” in terms of 

correlation coefficient (CC), Root Mean Square of Error (RMSE), mean and standard devia-

tion (σ) using the observed water level from 1998 to 2007 for Cuxhaven and from 2000 to 

2007 for Sylt.   

Table 4.4 and Table 4.5 list the best “validation” results of each NARX models type for Cux-

haven and Sylt, respectively. It is obvious from these tables that NARX Type-B models at 

both sites (Cuxhaven and Sylt) perform better (lower RMSE and higher correlation for Type 

B) than NARX Type-A models. Moreover, the tansig and linear activation functions in the 

hidden and output layers, respectively, provide the best performance for each NARX model 

type. For NARX Type-B models in Cuxhaven, the lowest RMSE is 0.153 m with correlation 

of 0.99. The best NARX Type-B model in Sylt has an RMSE of 0.124 m and correlation of 

0.98. 
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Figure 4.14 shows the temporal variations of the best results for each NARX models type with 

the observed water level (η
OB

) and the predicted storm-tide by coupled TELEMAC2D-

TOMAWAC (η
st-t TEL-TOM

) at Cuxhaven and Sylt during the storm of January 2000. NARX 

Type-B models show a relatively good performance during this storm. Moreover, the time of 

the highest peak of the storm-tide predicted by both NARX models types (η
A

 by NARX 

Type-A model and η
B

 by NARX Type-B model) occurred at the time of η
OB

 highest peak of 

the actually observed water level. This provides an indication of the nonlinear capability of 

both NARX models types to correct the predicted time of the numerically predicted water 

level η
st-t TEL-TOM

. The later has at both sites two maximum peaks of about the same height 

during the storms of January 2000. Therefore, the highest peak of η
st-t TEL-TOM

 at Sylt during 

the storm of January 2000 occurs 9 hours before the time of η
OB

 highest peak. This is due to 

the approximation of the nonlinear interaction between the components by TELEMAC2D-

TOMAWAC, while both NARX models types learn from the observed storm-tide.  

Table 4.4: Standard deviation (σ), Root Mean Square Error (RMSE) and correlation coefficient (CC) results of 

NARX models under change of the activation function in the hidden and output layers for Cuxhaven 

from 1998 to 2007.  

 

hidden layer 

activation 

function 

output layer 

activation 

function 

mean σ RMSE CC 

observed observed 0.153 m 1.108 m 0 m 1 

Tansig linear 0.154 m 1.106 m 0.160 m 0.989 

Tansig Tansig 0.146 m 1.109 m 0.165 m 0.988 

Logsig linear 0.141 m 1.099 m 0.164 m 0.988 

Logsig Tansig 0.172 m 1.117 m 0.173 m 0.987 

(a) Type-A models without inclusion of the predicted surge-tide by TELEMAC2D in the input variables. 

 

hidden layer 

activation 

function 

output layer 

activation 

function 

mean σ RMSE CC 

observed observed 0.153 m 1.108 m 0 m 1 

Tansig linear 0.147 m 1.101 m 0.153 m 0.990 

Tansig Tansig 0.158 m 1.097 m 0.158 m 0.989 

Logsig linear 0.139 m 1.099 m 0.155 m 0.990 

Logsig Tansig 0.144 m 1.101 m 0.159 m 0.989 

(b) Type-B models that include the predicted surge-tide by TELEMAC2D in the input variables. 
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Table 4.5: Standard deviation (σ), Root Mean Square Error (RMSE) and correlation coefficient (CC) results of 

NARX models under change of the activation function in the hidden and output layers for Sylt from 

2000 to 2007.  

 

hidden layer 

activation 

function 

output layer 

activation 

function 

mean σ RMSE CC 

observed observed 0.057 m 0.705 m 0 m 1 

Tansig linear 0.056 m 0.706 m 0.132 m 0.982 

Tansig Tansig 0.059 m 0.707 m 0.135 m 0.981 

Logsig linear 0.057 m 0.705 m 0.132 m 0.982 

Logsig Tansig 0.069 m 0.702 m 0.134 m 0.981 

(a) Type-A models without inclusion of predicted surge-tide by TELEMAC2D in the input variables. 

 

hidden layer 

activation 

function 

output layer 

activation 

function 

mean σ RMSE CC 

observed observed 0.057 m 0.705 m 0 m 1 

Tansig linear 0.056 m 0.698 m 0.124 m 0.984 

Tansig Tansig 0.066 m 0.694 m 0.125 m 0.98 

Logsig linear 0.067 m 0.697 m 0.124 m 0.984 

Logsig Tansig 0.061 m 0.691 m 0.125 m 0.983 

(b) Type-B models that include the predicted surge-tide by TELEMAC2D in the input variables. 

4.2.6 Improvement of NARX models for Cuxhaven and Sylt using ensemble methods 

The NARX Type-B models give higher weights to the η
su-t TEL

 input variable during training, 

since its data value was the nearest to the target variable η
OB

. This, in some individual ex-

treme storm events (see Figure 4.14(b)), may lead to either underestimate the maximum peaks 

of water level (e.g. storm of December 1999 at Cuxhaven) or to overestimate it (e.g. storm of 

January 2000 at Sylt). In order to overcome this problem especially in extreme storm-tide 

events, an ensemble has been developed, which averages results from the best NARX models. 

The input deck of the ensemble fitting neural network (EFN) models ( Figure 4.15) consists 

essentially of four different storm-tide prediction results from the best three NARX Type-A 

models and the best NARX Type-B model (see Table 4.4 and Table 4.5). In addition, the in-

put deck contains the time lagged meteorological forces (sea level pressure, zonal and meridi-

onal wind speed components) for Cuxhaven or Sylt. The output of the EFN models is the dif-

ference between the observed storm-tide (η
OB

) and the predicted storm-tide by NARX Type-B 

(η
B

) either at Cuxhaven or Sylt. So, the developed EFN networks are trained in a way that 
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makes the developed EFN models learn more nonlinear interaction terms “if possible” without 

changing the long term time series prediction performance gained from the results of both 

NARX Types A and B. 

 

Figure 4.14: Results of NARX model types A and B during the storm of January 2000 at Cuxhaven (a) and Sylt 

(b). 
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The optimum architectural parameters (Figure 4.15) are: one neuron in the hidden and output 

layers with the time lags of meteorological input variables du=18 hours for Cuxhaven and 

du=16 hours for Sylt. Only the activation function type is changed for the hidden and output 

layers. The transfer functions tansig or logsig are possible in the hidden layer, while for the 

output layer tansig, logsig and linear functions are more appropriate candidates. The devel-

opment of EFN models has been implemented in six trials using the built-in matlab Leven-

berg-Marquardt algorithm. In each trial, the activation function type is changed either for the 

hidden or output layers, and then repeated 30 times because of the random weight initializa-

tion. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Input and output variables of the Ensemble Fitting Network (EFN) for Cuxhaven and Sylt with one 

neuron in the hidden and output layers. 

Using the observed water level during storms from 1998 to 2007 for Cuxhaven and from 2000 

to 2007 for Sylt, the EFN model prediction results (η
EFN

) were “validated” in terms of correla-

tion coefficient (CC), RMSE and σ. The results show that the logsig and tansig activation 

functions in the hidden and output layers respectively give the best performance (lowest 

RMSE and highest correlation) for Cuxhaven and Sylt. For the EFN models in Cuxhaven, the 

lowest RMSE is 0.148 m with a correlation of 0.99. The best EFN model for Sylt has an 

RMSE of 0.124 m and a correlation of 0.98. 

The validation results of best η
EFN

 are close in value to its counterparts from the best NARX 

Type-B results at both sites Cuxhaven and Sylt (see Table 4.4 and Table 4.5). So, the long 

term prediction performance gained with the results of NARX model Type-B is inherited in-

side the η
EFN

 as shown in Figure 4.16. During the storm of January 2000 at Sylt and in De-

observed storm-tide (ηOB) 

predicted storm-tide by NARX Type-A (ηA)            

predicted storm-tide by NARX Type-B  (ηB) 

Transfer Function for hidden and output layers respectively (TF) 
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cember 1999 at Cuxhaven (Figure 4.16), the height and occurrence time of η
EFN

 highest peak 

are approximately the same as those of the actually observed water level  η
OB

. 

The inter-comparison of the actually observed water level ( η
OB

,), the numerically predicted  

water level (η
su-t TEL

) and the ensemble results (η
EFN

) is graphically summarized by meaning-

fully making use of the Taylor diagram approach (Taylor, 2001) as shown in Figure 4.17. The 

η
OB

 data from 1998 to 2007 for Cuxhaven and from 2000 to 2007 for Sylt are used for this 

comparison. The position of each label on the Taylor diagram is determined by the values of 

the correlation coefficient (CC), root mean square of error (RMSE) and standard deviation 

(σ). In the Taylor diagrams, these statistical parameters are normalized by dividing both the 

RMSE and the σ of the compared results by the standard deviation of the observations (σob-

served). The key issue in the Taylor diagram approach (Taylor, 2001)  is to recognize the rela-

tionship between the four statistical parameters of interest (here RMSE, σresult, σobserved and 

CC): 

 (RMSE)2 = (σresult)
2 + (σobserved)

2 + 2 ∗  σresult ∗ σobserved ∗ CC (4.15) 

The η
EFN

 results have a correlation of 0.99, 0.98 and a normalized RMSE of 0.13 m, 0.17m at 

Cuxhaven and Sylt, respectively. Moreover, the EFN models perform better during the indi-

vidual extreme storm events than NARX model Type B as depicted in Figure 4.16 during the 

storms of December 1999 at Cuxhaven and January 2000 at Sylt .The ensemble models (η
EFN

) 

predict correctly the occurrence time of the η
OB

 highest peak during the storm of December 

1999 at Cuxhaven, while the occurrence time of η
B

 highest peak predicted by NARX model 

type B is delayed by one hour. Moreover, the η
EFN

 highest peak resulting from the ensemble 

model reaches 3.84 m, which is better predicted than by NARX model type B with η
B

 peak of 

only 1.9 m. However, there is still a difference of 0.66 m between  η
EFN

 and η
OB

 during the 

storm of December 1999 (called Anatol) at Cuxhaven, which is mainly due to the overestima-

tion of the predicted sea level pressure by the climate model SN-REMO as compared to the 

observed pressure. The observed core pressure of Anatol on 3
rd

 of December is 953 hPa (Nils-

son et al., 2005), while the predicted by SN-REMO reaches 986 hPa. It decreases the water 

level by one centimeter for each hPa increase in pressure, which reaches 33 cm. Moreover, 

this increase in sea level pressure results in a reduction of predicted wind speed than the ob-

served during the storm, which reaches up to 5 m/s  (Nilsson et al., 2005) and decrease further 

the predicted water level. Hence, this leads to the shift down of η
EFN

 curve even at the trough, 

which occurs before the highest peak (see Figure 4.16(a)). During the storm of January 2000 

at Sylt, the η
EFN

 highest peak is exactly the same as the η
OB

 highest peak with 3.02 m, while 

the η
B

 maximum highest peak predicted by NARX model type B is overestimated.   
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Figure 4.16: Results of NARX ensemble models and NARX Type-B models at Cuxhaven during the storm of 

December 1999 (a) and at Sylt during the storms of January 2000 (b). 

. 
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Figure 4.17: Taylor diagrams of the observed storm-tide (η
OB

), the predicted surge-tide (η
su-t TEL

) by TELEMAC2D and the predicted storm-tide (η
EFN

) by NARX Ensemble 

models at Cuxhaven (a) and Sylt (b) based on the correlation coefficient (CC), normalized root mean square error (RMSE) and normalized standard deviation (σ). 

  0
.2
5

  0
.5

  0
.7
5

  1

  1
.2
5

  1
.5

0

0.25

0.5

0.75

1

0.1
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.95

0.99

S
ta

n
d

a
rd

 d
e
v
ia

ti
o

n

Standard deviation

C
o

r
r

e
l

a
t

i
o

n
 

C
o

e
f

f
i

c
i

e
n

t

A: Taylor Diagram at CUXHAVEN

CUXHAVEN

TELEMAC2D

NARX B

  0
.2
5

  0
.5

  0
.7
5

  1

  1
.2
5

  1
.5

0

0.25

0.5

0.75

1

0.1
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.95

0.99

S
ta

n
d

a
rd

 d
e
v
ia

ti
o

n

Standard deviation

C
o

r
r

e
l

a
t

i
o

n
 

C
o

e
f

f
i

c
i

e
n

t
A: Taylor Diagram at SYLT

SYLT

TELEMAC2D

NARX B

η
su-t TEL

(0.96, 0.26, 0.99) 

η
EFN

 (0.98, 0.17, 0.99) 
η

su-t TEL
 (0.97, 0.25, 0.89) 

η
EFN

 (0.99, 0.13, 0.99) 

(b) 

η
OB

 (1, 0, 1) η
OB

 (1, 0, 1) 

(a) 



 
Extraction of the nonlinear interaction between the extreme storm-tide 

components at Cuxhaven and Sylt 130 

 

   

 

Two types of extreme water level models were developed for Cuxhaven (Elbe Estuary) and 

Sylt (Open coast) in the North Sea, Germany which are (i) artificial neural models (Nonlinear 

Autoregressive with eXogeneous inputs (NARX)) (Type-A) and (ii) Combination of the 

NARX models with the hydrodynamic models (Type-B). The input deck of the two NARX 

models types consists of the astronomical tidal forecasts, significant wave height produced by 

TOMAWAC numerical wave model, the two wind speed components, external surge from 

Wick station, and sea level pressure for Cuxhaven and Sylt in addition to Elbe river discharge 

(in case of Cuxhaven only). Afterward an ensemble of both NARX model types has been de-

veloped using the ensemble fitting neural network (EFN) in order to reduce variance and min-

imize error especially for extreme events. This hybrid modelling approach considers the non-

linear interaction of the different extreme storm-tide components, so that the substantial errors 

in both magnitude and timing of the peak extreme storm-tide water level can be corrected.  

The inter-comparison of the actually observed water level ( η
OB

,), the numerically predicted  

water level (η
su-t TEL

) and the ensemble results (η
EFN

) is graphically summarized by meaning-

fully making use of the Taylor diagram approach (Taylor, 2001). The η
EFN

 results have a cor-

relation of 0.99, 0.98 and a normalized RMSE of 0.13 m, 0.17m at Cuxhaven and Sylt, re-

spectively. Moreover, the EFN models perform better during the individual extreme storm 

events than NARX model Type B. 

4.3 Evaluation of the effect of nonlinear interactions between extreme 

storm-tide components 

The used hydrodynamic model “TELEMAC2D” (version 6.2 in parallel processing mode) 

solves the non-conservative form of the shallow water equations, written with h (depth) and u, 

v (flow velocity components) as the unknowns (Hervouet, 2007). It considers the propagation 

of long waves such as surge and tide, including the non-linear interaction between them. The 

numerical solution of these equations is based upon the fractional step method with two steps: 

(i) Advection and (ii) Propagation, diffusion and source terms (representing the wind, Coriolis 

force, bottom friction, a source or sink of momentum within the domain). The method of 

characteristics has been applied to solve the advection of velocities u and v. The propagation, 

diffusion and source terms are solved by the finite element method, where an implicit time 

discretization allows the elimination of the non-linearity in the equations. In that case, the 

nonlinear terms are approximated linearly in time. Variation in the formulations and space 

discretization transform the continuous equations into a linear discrete system, which is 

solved using an iterative procedure based on the conjugate gradient method (Hervouet & Van 

Haren, 1994). This treatment of the nonlinear terms can lead to either underestimated or over-

estimated water level peaks during extreme storms and to incorrect prediction of their occur-

rence times. 
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4.3.1 Overall approach 

A proper prediction based on the complete understanding of the processes underlying the non-

linear interactions may require several decades to be implemented in the current operational 

hydrodynamic models. Therefore, the data-driven modeling using ANN methodology is used 

for complementing the nonlinear interaction terms by learning from the observed water levels. 

Through a combined use of the developed NARX ensemble and a state of the art hydrody-

namic model such as “TELEMAC2D”, it is possible to extract the nonlinear interaction be-

tween the different extreme storm-tide components as summarized in the following nine steps 

(Figure 4.18):  

1. Prescribe the forcing responsible for the generation of all extreme storm-tide compo-

nents to the North Sea mesh in TELEMAC2D (Figure 3.8) as “inputs” along with their 

boundary conditions (e.g. sea level pressure, meridional and zonal wind speed compo-

nents represent the forcing factors for storm surge component). 

2. Evaluate each component of the extreme storm-tide η
st-t 

 (as defined in Figure 2.15) 

independently using the North Sea mesh in TELEMAC2D (Figure 3.8). So, the 

boundary conditions of each component are prescribed separately for the North Sea 

model area. 

3. The components obtained from step 2 are linearly superposed in order to predict the 

linear surge-tide for Cuxhaven or Sylt (η
L
); i.e. the nonlinear interaction between the 

components is not considered. The linear surge-tide does not include the wave setup 

effect (η
w

), since it has almost no contribution to the observed storm-tide at Cuxhaven 

and Sylt (see section 4.2.1). 

4. Drive the North Sea mesh in TELEMAC2D using the boundary conditions of all com-

ponents, which are prescribed simultaneously in order to predict the surge-tide 

(η
su-t TEL

).  

5. Calculate the difference between η
su-t TEL

 predicted in step 4 and η
L
 predicted in step 3 

in order to extract the nonlinear interaction between the components as approximated 

in TELEMAC2D (η
NLT

).  

6. Calculate the difference between the observed storm-tide (η
OB

) and the approximated 

surge-tide by TELEMAC2D (η
su-t TEL

), which are assumed to represent the comple-

mentary nonlinear interaction (η
NLE

): so  η
NLE

= η
OB
− η

su-t TEL
. 

7. Train and develop the NARX ensemble models using the η
NLE

 calculated in step 6, 

which is not considered by TELEMAC2D. 

8. Predict the complementary nonlinear interaction η
NLE

 using the developed NARX en-

semble models for Cuxhaven and Sylt from 1991 to 2007. 

9. Linearly add the approximated nonlinear interaction η
NLT

 by TELEMAC2D of step 5 

and its complementary η
NLE

 by NARX ensemble models of step 8 in order to get the 

total nonlinear interaction (η
NL

):   η
NL
= η

NLT
+ η

NLE
. 



 
Extraction of the nonlinear interaction between the extreme storm-tide 

components at Cuxhaven and Sylt 132 

 

   

 

 

Figure 4.18: Extraction of the component η
NL

resulting from the nonlinear interactions between the different 

extreme surge components for Cuxhaven and Sylt. 

4.3.2 Extraction of the nonlinear interaction approximated by the numerical model in 

the η
su-t TEL

results (steps 1 to 5 in Figure 4.18) 

(a) Procedure 

For the extraction of the approximated nonlinear interaction effect (η
NLT

) considered in the 

predicted surge-tide by TELEMAC2D (η
su-t TEL

), the linear superposition of the extreme 

surge-tide components (η
L
) should be subtracted from the η

su-t TEL
: η

NLT
= η

su-t TEL
− η

L
. The 

η
L
 consists of the linear addition of tide (η

L
), storm surge (η

ss
), external surge (η

es
) and rivers 

discharge (η
rd

) effects, which are simulated independently from each other by TELEMAC2D 

over the North Sea area (Figure 3.8). The calculated η
NL

is based on the assumption that the 

individual storm-tide components are simulated with enough accuracy. This assumption is 

validated as the predicted tide reproduces almost exactly the tide measured in the German 

Bight. The correlation coefficient between measured and predicted tide reaches 0.99, while 

(See Figure 3.8) 
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the RMSE is less than 0.11 m (see section 3.2.3). Nevertheless, the uncertainty due to storm 

surge and external surge components may require further accuracy sensitivity analysis. The 

effect of wave setup (η
w

) on the extreme storm-tide depends on the location of the selected 

site (inside or outside the surf zone). Both sites are outside of the surf zone and the effect of 

wave setup on the η
L
and η

su-t TEL
  can thus be neglected (see section 4.2.1). 

For the surge-tide η
su-t TEL

 simulations by TELEMAC2D, the boundary conditions of the 

North Sea hydrodynamic model are prescribed using all of the extreme storm surges compo-

nents between 1991 and 2007 (Tayel & Oumeraci, 2012b). These boundary conditions are 

shown in Figure 3.8, on the northern open sea boundary (Northern border: Scotland-Norway), 

the tidal water level on each node and the external surge either from Wick or Lerwick stations 

are linearly added. On the western boundary (West border: France-England) only the tidal 

water level is prescribed at each node. So, the influence of the shallow water can be taken into 

account when the tidal wave plus external surge propagate from the open boundary up to the 

German coast. On the southern onshore edge of the estuaries the fresh water discharge of the 

adjacent rivers / estuaries are prescribed at each river section. In the linear superposition 

surge-tide η
L
 simulations, the boundary conditions for each component are prescribed sepa-

rately in order to evaluate its effect during storms. For example, only the tidal water level on 

each node of the Northern and West borders are prescribed for evaluating the tidal effect, 

while the meteorological forces only drive the model for evaluating the storm surge effect 

without prescribing any of the open-sea or river discharge boundary conditions.  

(b) Results 

During the storms of January 2000, November 2006 and November 2007, the temporal varia-

tions of the predicted linear superposition η
L
 with the contribution of each component at Cux-

haven and Sylt are predicted. At the times of the observed extreme water level η
OB

 ((η
OB

)max) 

during these three storms, the highest η
L
 peaks at Cuxhaven reach 3.22 m, 3.17 m and 3.31 m 

for the storms in January 2000, November 2006 and November 2007, respectively, which are 

higher than their counterparts at Sylt of 2.52 m, 1.96 m and 2.44 m, respectively. Since the 

contribution of storm surge (η
ss

) and tide (η
t
) at Sylt are lower than those at Cuxhaven due to 

the difference in geographical locations of the two sites. The storm surge, tide and external 

surge components have the largest contribution to the η
L
 at both sites, while the effect of riv-

ers discharge and wave setup are almost negligible. Figure 4.19 shows the contribution of 

each extreme storm-tide component during the storm of January 2000 at Cuxhaven and Sylt. 

The highest contribution is from storm surge effect with maximum of 3.00 m and 2.28 m at 

Cuxhaven and Sylt, respectively. The tide effect is less than the storm surge at the time of 

(η
OB

)max in both sites; it reaches 1.00 m and 0.56 m at Cuxhaven and Sylt, respectively. Only 

during the storm of January 2000, the external surge has positive effect on η
L
 in Cuxhaven 

and Sylt at the times of (η
OB

)max by 0.34 m and 0.26 m, respectively. In contrast during the 

storms of November 2006 and 2007 in both sites, the external surge has negative effect on η
L
 

ranging from -0.05 m to -0.13 m at the times of (η
OB

)max. 
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For Cuxhaven and Sylt during the storms of January 2000, November 2006 and November 

2007, the heights of η
L
 peaks overestimate always the η

su-t TEL
 peaks that include the nonline-

ar interaction η
NLT

  approximated by the numerical model TELEMAC2D.  At the times of 

(η
OB

)max during these three storms, the predicted η
su-t TEL

 reach 3.04 m, 2.97 m and 3.19 m 

respectively at Cuxhaven, which are lower than the predicted η
L
of 3.22 m, 3.17 m and 3.31 

m, respectively for the storms in January 2000, November 2006 and November 2007. 

Figure 4.20 shows the temporal variations of the predicted linear superposition η
L
 and surge-

tide η
su-t TEL

 by TELEMAC2D in addition to the approximated nonlinear interaction (η
NLT

) at 

Cuxhaven and Sylt during the storm of January 2000. The extreme linearly predicted water 

level η
L
 ((η

L
)max) and the extreme predicted surge-tide η

su-t TEL
((η

su-t TEL
)max)) at Cuxhaven 

reach 3.37 m and 3.24 m respectively, while they were 3.28 m and 3.04 m at Sylt respectively. 

At both sites, the occurrence times of (η
L
)max and (η

su-t TEL
)max  during this storm are exactly 

the same. Moreover, the (η
su-t TEL

)max at Sylt during the storms of January 2000 and November 

2006 occur before the (η
OB

)max by 9 hours. Since the highest storm surge peak at Sylt during 

these storms are synchronized approximately with high tide (see Figure 4.19(b)). Further-

more, the maximum positive external surge of 0.5m (Figure 4.19(b)) at Sylt occurred at the 

time of storm surge peak during the storm of January 2000.  

4.3.3 Extraction of the complementary terms for the nonlinear interaction using the 

predicted η
 EFN

results (steps 6 to 8 in Figure 4.18) 

(a) procedure 

The predicted storm-tide by NARX ensemble (η
EFN

) includes the complementary terms 

(η
NLE

) for the approximated nonlinear interaction by TELEMAC2D (η
NLT

). The complemen-

tary terms (η
NLE

) are basically the linear addition of (see section 4.2)  

(i)  Difference between the predicted storm-tide by NARX Type-B model (η
B

) and the 

predicted surge-tide by TELEMAC2D (η
su-t TEL

). 

(ii)  Difference between the predicted storm-tide by NARX ensemble (η
EFN

) and the pre-

dicted storm-tide by NARX Type-B model (η
B

). 

So, the predicted η
NLE

 is obtained by direct subtraction of the predicted η
su-t TEL

 from η
EFN

 

(i.e. η
NLE

 =η
EFN

− η
su-t TEL

).  Since the developed NARX ensemble is trained based on the 

observed water level (η
OB

), so the predicted storm-tide by η
EFN

 and η
OB

 are considered as 

equivalent (see step 7 in Figure 4.18).   
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Figure 4.19: Storm-tide prediction by linear superposition η
L
 and contribution of each extreme storm-tide com-

ponent during the storm of January 2000 at Cuxhaven (a) and Sylt (b). 
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Figure 4.20: Storm-tide prediction by linear superposition η
L
, TELEMAC2D  η

su-t TEL
 and NARX ensemble η

EFN
 

with the effect of nonlinear interaction η
NL

between extreme storm-tide components during the storm 

of January 2000 at Cuxhaven (a) and Sylt (b). 
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(b) Results 

The temporal variations of η
EFN

 with the complementary terms (η
NLE

) at Cuxhaven and Sylt 

are predicted for the storms of January 2000, November 2006 and November 2007. The η
EFN

 

peaks, which occur directly before the times of (η
OB

)max at both sites, are always overestimat-

ed by the predicted η
su-t TEL

 peaks and η
L
 peaks. This is due to the strong reduction of η

EFN
 

peaks by η
NLE

 and η
NLT

. At Cuxhaven during these three storms, the effect of η
NLE

 causes a 

reduction of the η
L
 peaks, which occurs directly before the times of (η

OB
)max , by -0.12 m, -

0.36 m and -0.14 m in addition to the reduction of  η
NLT

 by -0.34 m, -0.18 m and -0.34 m re-

spectively for the storms of January 2000, November 2006 and November 2007. In contrast, 

at the times of (η
OB

)max in Cuxhaven and Sylt, The η
NLE

 results in the overestimation or un-

derestimation of the η
EFN

 peaks when compared with the η
su-t TEL

 and η
L
 peaks (Table 4.6) 

according to the following two conditions:  

(i)  If the η
L
 and η

su-t TEL
 peaks, which occur directly before the time of extreme η

EFN
 

((η
EFN

)max), are < 3.00 m and < 2.50 m respectively, then their following peaks would 

overestimate the peak of η
EFN

 at the time of (η
EFN

)max. Since the peaks of η
EFN

, η
L
 and 

η
su-t TEL

, which occur before the times of peak (η
EFN

)max, do not increase the mean wa-

ter level (MWL) during the storm significantly. Therefore, the following peaks of 

η
EFN

, η
L
 and η

su-t TEL
will propagate under a pronounced shoaling effect that increase 

their heights simultaneously. For example, the η
NLE

 decreases (ηsu-t TEL)max by -0.08 m 

and -0.11 m respectively during the storms of November 2006 (see Figure 4.21(b)) 

and November 2007 at Sylt. Moreover, the η
NLT

 causes a decrease of (ηL)max by -0.04 

m and -0.14 m respectively, which is added to the η
NLE

 decrease and support it.  

(ii)  If the η
L
 and η

su-t TEL
 peaks, which occur directly before the time of (η

EFN
)max, are ≥ 

3.00 m and ≥ 2.50 m respectively, then their following peaks would underestimate the 

peak of η
EFN

 at the time of (η
EFN

)max. Since only the peaks of η
L
 and η

su-t TEL
, which 

occur before the times of (η
EFN

)max, increase the MWL during the storm to a limit by 

which their following peaks will propagate under no shoaling effect. Therefore, the 

following peaks of η
L
 and η

su-t TEL
will propagate in deeper water with less pronounced 

shoaling, which decrease their heights simultaneously. In contrast, the peak of η
EFN

 

propagates under strong shoaling effect that increases its height, as their counterparts 

in condition (i). For example, during the storms of January 2000 (Figure 4.20(a)), No-

vember 2006 (Figure 4.21(a)) and November 2007 at Cuxhaven, the η
NLE

 increases 

(η
su-t TEL

)max by 0.53 m, 0.21 m and 0.29 m respectively. However, the η
NLT

 decreases 

(η
L
)max by -0.14 m, -0.20 m and -0.12 m respectively for the storms of January 2000, 

November 2006 and November 2007.  

Bottom stress (Eq. (3.9)) and wind surface stress (see Eq. (3.30) and (3.31)) consider the re-

ciprocal of the water depth h. These equations indicate that increases in h yield reduced influ-
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ences of surface and bottom stresses on total water levels (Arns et al., 2015). Arns et al. 

(2015) indicates that taking atmospheric forcing into account partly compensates tidal high 

water increases by surge reduction due to increases in the water depth. Moreover, the high 

water levels are shifted towards an earlier occurrence, and this is also mainly a result from 

water depth increases causing reduced shallow water effects and friction. 

During these three storms, the times of (η
L
)max and (η

su-t TEL
)max are shifted with the same 

amount of time from the time of (η
OB

)max at both site. Therefore, only the complementary 

nonlinear terms η
NLE

 can be considered as the main factor to shift the times of (η
EFN

)max. Dur-

ing the storm of November 2006 at Sylt (see Figure 4.21(b)), the times of η
L
 and η

su-t TEL
 

peaks occurred two hours before the time of (η
OB

)max and (η
EFN

)max. 

4.3.4 Nonlinear interaction between all storm-tide components (step 9 in Figure 4.18) 

(a) procedure 

Since the predicted storm-tide by η
EFN

 and η
OB

 are considered as equivalent (see step 7 in 

Figure 4.18), the nonlinear interaction between all storm-tide components at Cuxhaven and 

Sylt (η
NL

) is the difference between the predicted storm-tide by NARX ensemble (η
EFN

) and 

the linear storm-tide (η
L
):  (η

NL
= η

EFN
− η

L
 ). So, the η

NL
 obtained in step 9 in Figure 4.18 

can be considered as equivalent to the linear superposition of the nonlinear interaction η
NLT

 

approximated in step 5 by TELEMAC2D and the complementary nonlinear terms η
NLE

  pre-

dicted by NARX ensemble (EFN) trained in step 7 by the results of step 6:    η
NL
= η

NLT
+

η
NLE

    

(b) Results 

At Cuxhaven during the storms of January 2000, November 2006 and November 2007 

(Table 4.6), the inclusion of the total nonlinear interaction η
NL

 in the predicted η
EFN

 leads to 

overestimate the result (η
L
)max obtained from linear superposition in Step 3 by 0.39 m, 0.01 m 

and 0.17 m respectively. Moreover, the time of arrival for (η
EFN

)max during the storm of No-

vember 2006 at Cuxhaven is delayed by one hour (Figure 4.21(a)). Since the increase effect 

by η
NLE

, which is mainly from the storm-tide wave shoaling, results in the slowing down and 

increasing height of (η
EFN

)max. In contrast, at Sylt during the storms of November 2006 

(Figure 4.21(b)) and November 2007, the inclusion of the η
NL

 in the predicted η
EFN

 leads to 

underestimate the (η
L
)max by -0.12 m and -0.25 m respectively, since the reduction induced by 

η
NLE

 is supported by the reduction of η
NLT

. 

The proposed hybrid approach is applied in Figure 4.22 and Figure 4.23 to analyze compara-

tively the extreme effect of nonlinear interaction by all extreme storm-tide components during 

the period between 1991 and 2007.  The results in Figure 4.22 (highest effect) and Figure 4.23 

(lowest effeect) for Cuxhaven and Sylt are summarized in the following three stages:  
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Stage 1- Predict the highest and lowest possible storm-tide from 1991 to 2007 ((η
EFN

)max and 

(η
EFN

)min, respectively) (steps 1 to 9 in Figure 4.18), which occur at times tmax and tmin, respec-

tively, using the developed NARX ensemble model. This also includes the nonlinear interac-

tion component η
NL

 at times tmax and tmin (step 9 Figure 4.18). 

Table 4.6: Effect of the nonlinear interaction (η
NL

) on the heights of predicted storm-tide peaks (m) and their 

time of arrival (hours) at Cuxhaven and Sylt during the storms of January 2000, November 2006 and 

November 2007. 

sites 

parameter 

Cuxhaven Sylt 

January 

2000 

November 

2006 

November 

2007 

January 

2000 

November 

2006 

November 

2007 

 

observed storm-tide 

highest peak (η
OB

)max 

(m) 

3.86 3.81 4.42 3.02 2.21 2.65 

time of (η
OB

)max  
1/30/2000 

6:00 AM 

11/1/2006 

7:00 AM 

11/9/2007 

12:00 PM 

1/30/2000 

7:00 AM 

11/1/2006 

10:00 AM 

11/9/2007 

1:00 PM 

linear superposed 

storm-tide η
L

(m) 
3.38 3.17 3.31 2.58 2.13 2.44 

time shift for  

η
L

peak at time of  

(η
OB

)max (hours) 

+1 +0 +0 +1 -2 +0 

suge-tide by TE-

LEMAC2D 

η
su-t TEL

(m) 

3.24 2.97 3.19 2.58 2.09 2.30 

time shift for  

η
su-t TEL

 peak at time 

of  

(η
OB

)max (hours) 

+1 +0 +0 -1 -2 +0 

 

storm-tide by NARX 

ensemble η
EFN

 (m) 

3.77 3.18 3.48 3.01 2.01 2.19 

time shift for  

η
EFN

 peak at time of  

(η
OB

)max (hours) 

+0 +1 +0 +1 +0 +1 

approximated nonlin-

ear interaction η
NLT

 
-0.14 -0.20 -0.12 0.00 -0.04 -0.14 

complementary non-

linear interaction 

η
NLE

 

0.53 0.21 0.29 0.03 -0.08 -0.11 

nonlinear interaction 

η
NL

 

= η
NLT

+ η
NLE

 

0.39 0.01 0.17 0.03 -0.12 -0.25 
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Figure 4.21: Storm-tide prediction by linear superposition η
L
, TELEMAC2D  η

su-t TEL
 and NARX ensemble η

EFN
 

with the effect of nonlinear interaction η
NL

between extreme storm-tide components during the storm 

of November 2006 at Cuxhaven (a) and Sylt (b). 
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Stage 2- Evaluate the effect of each extreme storm-tide component depicted in Figure 2.15 

and their nonlinear interaction on (η
EFN

)max and (η
EFN

)min at times tmax and tmin, respectively, 

as follows: 

2.1. Using TELEMAC2D (steps 1 and 2 in Figure 4.18), predict each storm-tide 

component independently at times tmax and tmin (occurrence time of the peak 

(η
EFN

)max or trough (η
EFN

)min, respectively, predicted in Stage 1).  

2.2. Apply the proposed hybrid approach in Figure 4.18 to evaluate the effect of 

nonlinear interaction (η
NL

) between the components predicted in sub-stage 2.1 

at times tmax and tmin (steps 3 to 9 in Figure 4.18).  

Stage 3- Evaluate the highest and lowest physical limit of storm-tide from 1991 to 2007 as 

follows: 

3.1. Evaluate each storm-tide component independently, which occurred over the 

entire period from 1991 to 2007 using TELEMAC2D (steps 1 and 2 in 

Figure 4.18).The coupling between TELEMAC2D and TOMAWAC is used to 

predict the wave setup component for years 2000, 2006 and 2007 only.  

3.2. Apply the proposed hybrid approach in Figure 4.18 to predict the nonlinear in-

teraction (η
NL

) between the components obtained from sub-stage 3.1, which 

occurred over the entire period from 1991 to 2007. 

3.3. Extract the highest peak and lowest trough of each storm-tide component 

evaluated in sub-stage 3.1 in addition to the highest peak and lowest trough of 

their nonlinear interaction ((η
NL

)max and (η
NL

)min, respectively) predicted in 

sub-stage 3.2, independently of their occurrence in time over the entire period 

1991-2007; i.e. the extracted peaks or troughs do no not necessarily occur at 

the same time. 

3.4. Superpose linearly the extracted highest peaks ((η
all

)max) or lowest troughs 

((η
all

)min) from sub-stage 3.3, which might be considered to represent the high-

est or lowest physical limit of extreme storm-tide over the entire considered 

time period, respectively, though it is very improbable that the peaks or 

troughs of superposed storm-tide components will occur at the same times. 

The linear superposition (η
all

)max is always higher than the highest possible storm-tide 

(η
EFN

)max (see Figure 4.22) at both sites over the entire time period 1991-2007. Since the max-

imum of each component and nonlinear interaction occur independently at different times. 

The (η
all

)max and (η
EFN

)max at Cuxhaven, which are respectively 7.21 m and 4.00 m, are higher 
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than their respective counterparts at Sylt of 5.66 m and 3.2 m. However, the percentages of 

(η
NL

)max and external surges maximum ((η
es

)max) at Cuxhaven, which are respectively 21% 

and 9.5%, are lower than their respective counterparts at Sylt of 25.80% and 10.97%. Since 

the storm surges and tide at Cuxhaven are higher than their counterparts at Sylt, which leads 

to deeper water depth at Cuxhaven with less pronounced shoaling effect. Furthermore, the 

effect of nonlinear interaction η
NL

 on (η
EFN

)max at Cuxhaven results in a reduction  of water 

level by 4%. In contrast, the η
NL

 at Sylt results in increase of water level by 18.6%.  

The highest observed water level between 1991 and 2004 occurred in the storm Anatol on 3 

December 1999. It reaches 4.5 m at Cuxhaven, while it is 3.61 m at Sylt (Jensen & Mud-

ersbach, 2008; Jensen et al., 2006). These values are higher than the (η
EFN

)max at Cuxhaven 

and Sylt (1991-2007) calculated in this study, which are 4.00 m and 3.2 m, respectively. This 

might be due to the overestimation of sea level pressure by the RCM SN-REMO during ex-

treme storm event Anatol (see section 4.2.6).  

The linear superposition (η
all

)min is always lower than the lowest possible storm-tide (η
EFN

)min 

(see Figure 4.23) at both sites over the entire time period 1991-2007. The (η
all

)min and 

(η
EFN

)min at Cuxhaven, which are respectively -5.04 m and -2.97 m, are lower than their re-

spective counterparts at Sylt of -4.26 m and -2.51 m. However, the percentages of (η
NL

)min 

and external surge minimum ((η
es

)min) at Cuxhaven, which are respectively 23.65% and 10%, 

are lower than their respective counterparts at Sylt of 25.52% and 10.55%. This is similar to 

the (η
NL

)max and (η
es

)max behaviours at both sites. Furthermore, the effect of nonlinear interac-

tion η
NL

 on (η
EFN

)min at Cuxhaven and Sylt results in a reduction  of water level by 9% and 

13%, respectively.  

Figure 4.22 shows that the relative contribution of wave setup ((η
w

)max) is negligibly small 

with maximum values up to  1.2% at both pilot sites. Moreover, the contribution of river dis-

charge maximum ((η
rd

)max) at Sylt and Cuxhaven is not more than 1% and also without any 

noticeable effect. Similarly as depicted in Figure 4.23, the contribution of river discharge min-

imum ((η
rd

)min) at both sites is not more than 1% and also the relative contribution of wave 

setup minimum ((η
w

)min) is 0.2%. 
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Figure 4.22: Maximum combination of the components in Figure 2.15 along with the nonlinear interaction be-

tween them (η
NL

) and the predicted storm-tide by NARX ensemble (η
EFN

) at Cuxhaven (a) and Sylt 

(b) during the period from 1991 to 2007. 
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Figure 4.23: Minimum combination of the components in Figure 2.15 along with the nonlinear interaction be-

tween them (η
NL

) and the predicted storm-tide by NARX ensemble (η
EFN

) at Cuxhaven (a) and Sylt 

(b) during the period from 1991 to 2007. 
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The account for nonlinear interaction by NARX ensemble models may result either in the 

reduction or increase of the highest water level during storms when compared with the linear 

superposition of extreme storm-tide components according to the following two situations at 

both sites (Cuxhaven and Sylt):   

(i) If the η
L
 peak resulting from linear superposition, which occurs directly before the time of 

(η
EFN

)max resulting from the NARX ensemble model, is less than 3 m, then its following 

peak would overestimate the peak of η
EFN

 at the time of (η
EFN

)max. Since the peaks of η
EFN

 

and η
L
, which occur before the time of (η

EFN
)max, do not increase significantly the mean 

water level (MWL) during the storm. Therefore, the following peaks of η
EFN

 and η
L
 will 

propagate under more pronounced shoaling effect that increases their heights simultane-

ously. 

(ii) If the η
L
 peak, which occurs directly before the time of (η

EFN
)max, is larger than 3.00 m, 

then its following peak would underestimate the peak of η
EFN

 at the time of (η
EFN

)max. 

Since only the peak of η
L
, which occurs before the time of (η

EFN
)max, increases the MWL 

during the storm to a limit by which its following peak will propagate under less pro-

nounced shoaling effect.  

The highest peak of each components predicted series by TELEMAC2D and the nonlinear 

interaction (η
NL

) predicted by the NARX ensemble over the entire time period 1991-2007 at 

Cuxhaven and Sylt are added together linearly ((η
all

)max). The result is assumed to represent 

the highest physical limit of extreme storm-tide over the entire considered time period, though 

it is very improbable that the peaks of superposed storm-tide components will occur at the 

same times. The peak obtained through linear superposition (η
all

)max at Cuxhaven, which 

reaches 7.21 m , is higher than its counterpart at Sylt of 5.66 m. The maximum effect of the 

nonlinear interaction (η
NL

)max at Cuxhaven, which reaches 21%, is lower than its counterpart 

of 25.80% at Sylt. Since the storm surges and tide at Cuxhaven are higher than their counter-

parts at Sylt, thus resulting in higher water level with less pronounced shoaling effect. 

4.4 The use of Relational NARX model to fill data gaps in observed water 

level from a remote data site 

The recorded near shore water level at Sylt is of great importance in applications such as 

ocean engineering and safe navigation. Unfortunately, there are gaps in this record at Sylt, 

which are existed due to the lack of tide-gauge in the past time, failures in the measuring tide-

gauge due to strong storms or when it is upgraded. Such gaps introduce difficulties and uncer-

tainties to the sea level analysis and prediction. For instance, missing data may cause the es-

timate of mean sea level to be biased. The traditional ways to fill such gaps depend on its size. 

For example, the small gaps (of the order of minutes to tens of minutes) that occur in relative-

ly frequent sea-level measurements can be easily fixed using linear interpolation. Moreover, 

the small and larger gaps can be restored using harmonic analysis. However, the former does 

not account for any physics governing the sea-level variations, while the latter does not con-
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sider any meteorological and external forces, but only the tide generated by the Sun’s and 

Moon’s gravitational attractions.  

Another logical way for missing data recovery is to use the observed data set from the nearest 

available tide-gauge station, which is Cuxhaven. However, differences in the phase and ampli-

tude of sea level between the two gauges (principally due to the tide and storm surge) make it 

difficult to determine a reliable linear relationship between them. Especially, tide and storm 

surge in shallow-water areas like the North Sea have nonlinear interaction nature. Moreover, 

the two gauges are separated by a distance of more than one hundred kilometers. So, due to 

the nonlinear nature of the relationship in space and time, a NARX model is developed to re-

trieve missing data at Sylt using observed water level from Cuxhaven. The dynamics of non-

linear relationship behaviour are captured by the use of the memory line, and feedback in the 

NARX model. The memory line applied through the input time series lags of du=18 hours for 

Cuxhaven, while the feedback used the output time series lags of du=16 hours for Sylt. Final-

ly, the relational NARX model results were validated in terms of correlation coefficient (CC) 

and root mean square of error (RMSE) using the observed water level at Sylt from 2000 to 

2007. 

The development of Relational NARX model, which acquire the nonlinear relationship be-

tween the recovered site (e.g. Sylt) and Source site (e.g. Cuxhaven), is accomplished in three 

stages as depicted in Figure 4.24. Stage-1 determines the requirements of both sites in order to 

get the highest performance by the Relational NARX model. While stage-2 deals with the 

determination of the input and output variables time series lags that should be included as in-

put, also the optimum architectural parameters for the Relational NARX model. In stage-3, 

the validation of Relational NARX model results is performed in order to choose the optimum 

Relational NARX model that gives the highest performance. 

4.4.1 Requirements for missing data retrieval from a remote data source site (stage-1 

in Figure 4.24) 

The recovered site (like Sylt) and source site (Cuxhaven), which have nonlinear relationship 

between them, are affected by the same storm-tide components and should fulfill the follow-

ing six requirements: 

1. Geographical location of both sites (recovered and source sites) must be in the covered 

area by same storms. So, they are either affected simultaneously by same storms or 

not. Cuxhaven and Sylt are located in the southeastern part of the North Sea (the Ger-

man Bight), which has shallow depth with an average of 22m.  

2. The statistical distributions and properties of meteorological forces (sea level pressure, 

zonal and meridional wind speed components) for the two sites are approximately sim-

ilar. Cuxhaven and Sylt exhibit almost the same statistical magnitude of the data mean, 

median and statistical distribution behaviour (Figure 4.7 and Figure 4.8). So that the 

meteorological generation forces for storm surge and wave effect at both sites are 

similar. 
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Figure 4.24: Development of Relational NARX model for observed water level data retrieval from a remote data source site. 
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3. The two sites are separated by distance up to a few hundred kilometers. The distance 

between Cuxhaven and Sylt is not more than 200 kilometers. 

4. Differences in the phase and amplitude of water level between the two sites are princi-

pally due to the tide and storm surge. Hence, both sites are affected by the same effec-

tive storm-tide components. Moreover, if the recovered site has strong river discharge 

effect, it should be included as input variable to the developed NARX network. Sylt is 

an open coast site to the North Sea, while Cuxhaven is in Elbe estuary mouth and 

dominated by Nothe sea tides and storm surge with negligible effect of Elbe river dis-

charge (section 4.3.4(b)). 

5. The source site has the observed water level and meteorological forces during the 

missing period for recovered site. The sea level records of Cuxhaven tide gauges are 

sustained for the period from 1840 to present, which is one of the long records in the 

North Sea area. 

6. Availability of the observed water level data at both sites in order to train the devel-

oped Relational NARX model that 

a. Share the same span of time (usually for 5 years), 

b. In good quality (it doesn't contain gaps or improbable values) and resolution (at 

least every one hour). 

Observed water level data at Cuxhaven and Sylt between 2000 and 2007 are recorded 

with time interval between 10 minutes and 1 hour, which are temporally interpolated 

in order to be synchronized with the available meteorological data every hour. 

4.4.2 Data input selection and Relational NARX model formulation (stage-2 in 

Figure 4.24) 

A subset of the observed water level and the meteorological forces data at Cuxhaven and Sylt 

should be selected, which have the same span of time, in order to learn and validate the rela-

tional NARX model. This criterion is fulfilled for Cuxhaven and Sylt data between 2000 and 

2007. The data from 2000 to 2005 at Cuxhaven and Sylt was dedicated for learning process of 

the relational NARX model, which constitutes 52608 learning samples, while the data of 

years 2006 and 2007 are used for validation of the model. These learning sets for Cuxhaven 

and Sylt are divided randomly in three series: (i) the training series (80% of the data), (ii) the 

validation series (10% of the data) and (iii) test series (10% of the data).  

The input deck for the relational NARX model consists of the time lagged meteorological 

forces (sea level pressure, zonal and meridional wind components) and observed water level 

at Cuxhaven (Figure 4.25). The output is the predicted storm-tide at Sylt as shown in 

Figure 4.25. Moreover, the optimum architecture consists of three feedforward layers using 

one neuron in the hidden and output layers in addition to a feedback connection from the out-

put to input layer. The time lag of input variables is du=18 hours for Cuxhaven, while the time 

lag of output variable is dy=16 hours for observed water level at Sylt (see section 4.2.3). Only 

the activation functions are changed for hidden and output layers. The activation functions 

tansig or logsig are possible in the hidden layer, while in the output layer tansig, logsig and 
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linear functions are the best candidates. This Relational NARX model can be mathematically 

represented as, 

 𝑦(𝑡) = 𝑓[𝑦(𝑡 − 1),… , 𝑦(𝑡 − 𝑑𝑦); 𝑢𝑚(𝑡), … , 𝑢𝑚(𝑡 − 𝑑𝑢)], 𝑤𝑖𝑡ℎ  𝑚

= 1,2, … , 𝑖𝑛𝑝𝑢𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 
(4.16) 

 

Figure 4.25: Inputs and output for the relational NARX model at Sylt using the meteorological forces and ob-

served water level at Cuxhaven as input. 

The development of Relational NARX model had been implemented in 6 trials using the 

built-in matlab Levenberg-Marquardt algorithm (see section 4.1.4). In each trial, the activation 

function is changed either for hidden or output layers then repeated 30 times because of the 

random weight initialization. Moreover, the hidden layer with one neuron has good perfor-

mance during the Relational NARX model training.   

Figure 4.26 shows as example of the relational NARX model architecture using matlab 

toolbox, which consists of three feedforward layers using the tansig and linear activation func-

tions for the hidden and output layers, respectively. 
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Figure 4.26: Relational NARX architecture for Sylt with 4 external input variables (the three meteorological 

forces and observed water level at Cuxhaven), one feedback variable (the previous observed water 

level at Sylt) and the activation functions of the hidden and output layers are tangent sigmoid and line-

ar respectively. 

4.4.3 Validation and results of the Relational NARX model for Sylt (stage-3 in 

Figure 4.24) 

Using the observed water level from 2000 to 2007 at Sylt, the prediction results of developed 

Relational NARX models were validated in terms of correlation coefficient (CC), RMSE and 

σ. Table 4.7 lists the best validation result of each trial for Relational NARX models. It is ob-

vious from this table that the tansig and purelin activation functions in the hidden and output 

layers, respectively, give the best performance with RMSE and correlation of 0.078 m and 

0.99, respectively (lowest RMSE and highest correlation). The best Relational NARX model 

has mean and σ of 0.066 m and 0.669 m, respectively, which represent the observed water 

level mean and σ of 0.057 m and 0.705 m respectively. Moreover, using the logsig as an acti-

vation function in the hidden and/or output layers leads to degradation of the performance, 

since their Relational NARX models have the highest RMSE and lowest r. The highest RMSE 

is 0.43 m, when the logsig function is used in the hidden and output layers. The lowest r is 

0.81, when the logsig function is used in output layer.  

Figure 4.27 shows Taylor diagram for Sylt between the observed water level (ηOB), the pre-

dicted ηsu−t TEL by TELEMAC2D, the predicted storm-tide (ηR) by the best Relational 

NARX model and ηEFN by NARX ensemble. The ηR result has the best performance accord-

ing to the highest r of 0.99 along with the lowest normalized RMSE of 0.11 m.  

Figure 4.28 shows the temporal variations of the predicted storm-tide by the Relational 

NARX model (ηR), NARX ensemble (ηEFN) in addition to the observed water level at Sylt 

(ηOB) during the storms of November 2006 and November 2007. The highest ηR peaks reach 

2.43 m and 2.79 m during the storms of November 2006 and November 2007, respectively, 

and they slightly overestimate the highest ηOB peaks of 2.21 m and 2.65 m respectively. This 

occurs due to the inclusion of the meteorological forces at Cuxhaven as input to the Relational 

NARX model as shown in Figure 4.25, which differ slightly than the meteorological force at 

Sylt (see Table 4.3).  In contrast during the storm of January 2000, the highest ηR peak reach-
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es 3.02 m and slightly underestimates the highest ηOB peak of 2.77 m. Since the sea level 

pressures during these three storms at Cuxhaven are higher than those at Sylt (see Table 4.3) 

with the maximum difference in pressure happen during the storm of January 2000. Moreo-

ver, the time of highest ηR peak coincide with the times of highest ηOB peak during the storms 

of January 2000 and November 2007, while it occurs 2 hours before ηOB peak during the 

storm of November 2006. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27: Taylor diagram of the observed water level (ηOB), the predicted surge-tide (ηsu−t TEL) by TELEM-

AC2D, the predicted storm-tide (ηR) by the Relational NARX model and ηEFN by NARX ensemble at 

Sylt based on the normalised correlation coefficient (CC), normalised root mean square error (RMSE) 

and normalised standard deviation (σ). 

Table 4.7: Standard deviation (σ), Root Mean Square Error (RMSE) and correlation coefficient (CC) Validation 

results (m) of the relational NARX models for Sylt from 2000 to 2007. 

hidden layer 

activation 

function 

output layer 

activation 

function 

mean σ RMSE CC 

observed observed 0.057 m 0.705 m 0 1 

Tansig linear 0.066 m 0.699 m 0.078 m 0.993 m 

Tansig Tansig 0.059 m 0.701 m 0.128 m 0.983 m 

Tansig Logsig 0.818 m 0.451 m 0.431 m 0.811 m 

Logsig linear 0.066 m 0.699 m 0.078 m 0.993 m 

Logsig Tansig 0.061 m 0.701 m 0.128 m 0.983 m 

Logsig Logsig 0.779 m 0.434 m 0.433 m 0.816 m 

η
su-t TEL

 (0.96, 0.26, 0.99) 

η
EFN

 (0.98, 0.17, 0.99) 

η
R

 (0.99, 0.11, 0.99) 

ηOB (1, 0, 1) 
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Figure 4.28: Results of Relational NARX model during the storms of November 2006 (a) and November 2007 

(b) at Sylt. 

Relational NARX model is developed to retrieve missing data at Sylt using observed water 

level from Cuxhaven. The dynamics of this nonlinear relationship behaviour are captured by 

the use of the memory line, and feedback in the NARX model. The memory line applied 

through the input time series lags of 18 hours for Cuxhaven, while the feedback used the out-

put time series lags of 16 hours for Sylt. The tansig and purelin activation functions in the 

(a) 

(b) 



 
Extraction of the nonlinear interaction between the extreme storm-tide 

components at Cuxhaven and Sylt 153 

 

   

 

hidden and output layers of the Relational NARX model, respectively, give the best perfor-

mance with RMSE and correlation of 0.078 m and 0.99, respectively (lowest RMSE and 

highest correlation). The prediction by Relational NARX model (ηR) has beter performance 

than η
EFN

 by NARX ensemble, since it has the lowest normalized RMSE of 0.11 m. The 

highest ηR peaks reach 2.43 m and 2.79 m during the storms of November 2006 and Novem-

ber 2007, respectively, and they slightly overestimate the highest ηOB peaks of 2.21 m and 

2.65 m respectively. 

4.5 Summary and Concluding Remarks 

Combining the strengths of ANN methodology with those of numerical modelling (TELEM-

AC2D and TOMAWAC) provides a powerful and computationally efficient operational mod-

el system for storm-tide prediction as exemplarily shown in Cuxhaven and Sylt. It can also be 

applied for reconstructing the missing data using sequential time series predictions by NARX 

ensemble, which reduces the amount of training data (usually five years show very good per-

formance). Another advantage of the hybrid model system is its capability to account for non-

linear interaction between the extreme storm-tide components, so the substantial errors in both 

magnitude and timing of the results predicted by numerical modelling can be corrected. Two 

types of NARX models and their ensemble were developed and validated using the observed 

water level between 1999 and 2007 at Cuxhaven and Sylt. For Cuxhaven’s NARX ensemble 

model, the lowest RMSE is 0.148 m with a correlation of 0.99. The NARX ensemble model in 

Sylt has an RMSE of 0.123 m and a correlation of 0.98.  

The account for nonlinear interaction by hybrid models may result either in the reduction or 

increase of the highest water level during storms when compared with the linear superposition 

of extreme storm-tide components according to the following two situations at both sites 

(Cuxhaven and Sylt):   

(i)  If the peak obtained by linear superposition η
L
, which occur directly before the time of 

extreme η
EFN

 ((η
EFN

)max), is < 3.00 m, then its following peak would overestimate the 

peak of η
EFN

 at the time of (η
EFN

)max. Since the peaks of η
EFN

 and η
L
, which occur be-

fore the times of peak (η
EFN

)max, do not increase the mean water level (MWL) during 

the storm significantly. Therefore, the following peaks of η
EFN

, η
L
 and η

su-t TEL
will 

propagate under a pronounced shoaling effect that increases their heights.  

(ii)  If the peak of η
L
, which occur directly before the time of (η

EFN
)max, are ≥ 3.00 m, then 

its following peaks would underestimate the peak of η
EFN

 at the time of (η
EFN

)max. 

Since only the peak of η
L
 , which occurs before the times of (η

EFN
)max, increases the 

MWL during the storm to a limit by which their following peak will propagate without 

shoaling effect. In contrast, the peak of η
EFN

 propagates under strong shoaling effect 

that increases its height.  
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The highest physical limit of extreme storm-tide (1991-2007) at Cuxhaven and Sylt ((η
all

)max) 

are calculated including the maximum of nonlinear interaction ((η
NL

)max). The peak of (η
all

)max 

at Cuxhaven, which reaches 7.21 m , is higher than its counterpart at Sylt of 5.66 m. The max-

imum effect of (η
NL

)max at Cuxhaven, which reaches 21%, is lower than its counterpart of 

25.80% at Sylt. Since the storm surges and tide at Cuxhaven have higher contribution to water 

level than their counterparts at Sylt, thus resulting in less pronounced shoaling effect. There-

fore, the consideration of (η
NL

)max would be relevant for the safety of many coastal facilities, 

which depends on the magnitude of highest physical limit of extreme storm-tide (η
all

)max.  

The recorded near shore water level at Sylt is of great importance but there are gaps in it. The 

Relational NARX model is developed to retrieve the missing data at Sylt using observed wa-

ter level from Cuxhaven (2000-2007). Especially, the two sites are separated by a distance of 

more than one hundred kilometers, and both sites are affected by the same storms and storm-

tide components. The prediction by Relational NARX model (ηR) has better performance 

than the predicted storm-tide by NARX ensemble (η
EFN

), it has the lowest normalized RMSE 

of 0.11 m. since it includes the observed water level at Cuxhaven in the input deck.  
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5 Extreme storm-tide in the 21
st
 century under the projected 

climatic change for the German Bight   

Extreme storm-tide along the North Sea coasts presents the most important threat for coastal 

infrastructure and human safety. Especially with the increasing use of coastal regions for set-

tlement and as industrial areas, which have already a high population density and valuable 

assets, the costs of extreme storm-tide damage can be very high. As one of the impacts of cli-

mate change, extreme storm-tide threat might increase mainly due to the change in wind cli-

mate. Moreover, sea level rise induced by climate change also significantly contributes to ex-

treme storm-tide that will threat the North Sea coasts. Therefore, the objectives of this chapter 

are  (i) to assess the changes in extreme surge-tide conditions induced by possible future cli-

mate change projection (e.g. between 2070 and 2100) over the North Sea, and (ii) to estimate 

the extreme effects of this projection and sea level rise on storm-tide at two pilot sites in the 

German Bight (Cuxhaven and Sylt). 

To achieve objective (i) the first step is to assess extreme surge-tide under the current climate 

conditions using the 20
th

 century meteorological forces between 1970 and 2000 (called hereaf-

ter”control simulation”). In a second step, possible future storm-tide climate based on the 

IPCC emission scenario (SRES A1B, between 2070 and 2100) is investigated using the hy-

drodynamic model TELEMAC2D for the North Sea (called hereafter “future climate change 

simulation”).  

To achieve objective (ii)  the hybrid modelling approach described in section 4.3 is  then used 

to account for the contribution of nonlinear interactions between the different storm-tide com-

ponents at Cuxhaven and Sylt (Figure 5.1). As global circulation models (GCMs) show sys-

tematic errors (bias) in their simulations between the hindcast and control surge predictions 

(1960-1990) (Woth, 2006), the difference between the mean of future (2070-2100) and con-

trol (1970-2000) simulations at both sites will represent the response of applied emission sce-

nario (A1B). 

The German Bight is shallow with an average water depth of 22 m. So the time scale of mor-

phological evolution becomes larger and its effect smaller as the water is getting deeper i.e. 

more than 10 m (Woth, 2006; Gaslikova et al., 2013). In both control and future simulations, 

the future changes in today’s bathymetry were not taken into account, since at both sites 

(Cuxhaven and Sylt) the water depth is greater than 20 m. Moreover, the expected sea level 

rise can be linearly superimposed on the predicted storm-tide as the water depth is larger than 

10 m (Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; Howard et al., 2010; Gaslikova 

et al., 2013). 



 
Extreme storm-tide in the 21st century under the projected climatic change 

for the German Bight 156 

 

   

 

 

Figure 5.1: Methodology to derive climate change signals for regional (North Sea) and local (Cuxhaven and Sylt) 

storm-tide climate (modified from (Woth, 2006)). 

5.1 Assessment of changes in extreme surge-tide conditions induced by 

possible future climate change projection (between 2070 and 2100) 

over the North Sea 

In reaction to anthropogenic climate change, IPCC aims to document the knowledge about 

climate change on global and regional scales. Vulnerable zones were identified in five as-

sessment reports by IPCC and the possible changes, which are based on a range of different 

scenarios, were analyzed. As described in the IPCC Forth Assessment Report (AR4), the 

North Sea coasts might be adversely affected by the changing climate. These coasts are dense-

ly populated and have highly industrialized areas, which are currently below or slightly above 

today’s mean sea level. Therefore, the majority of North Sea coasts encompass coastal low 

lands and are highly vulnerable to storms with their extreme water levels and associated 

waves. The potential changes in surge-tide climate are investigated over the North Sea area in 

order to identify the highly flood-prone coastal low lands.  

GCM output was used as 

boundary conditions for 

control and future simula-

tions by Regional Climate 

Model (RCM) 

Control and future climate 

change simulations with 

General Circulation Model 

(GCM) 

Regionalization : run of surge-tide model TE-

LEMAC2D with atmospheric forcing (sea level 

pressure and two wind speed components) from 

RCM output 

Localization : apply the hybrid hydrodynamic-

neural approach (section 4.3) for nonlinear inter-

action between the different storm-tide compo-

nents at Cuxhaven and/or Sylt 
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The future climate change, which is conditional upon assumed projection of future GHG 

emissions (“Scenario”), is based on a cascade of numerical climate models (Figure 5.1). Gen-

eral Circulation Models (GCMs) were used to simulate future climate conditions globally, 

while Regional Climate models (RCMs) were applied to “dynamically downscale” these 

global conditions to a finer grid covering western Europe including the North Sea area.  

Both control and future simulations of surge-tide are based on regionalized meteorological 

conditions with the regional climate model CLM (Lautenschlager et al., 2009), which is 

forced on the boundary by output of the general circulation model ECHAM5/MPIOM 

(Roeckner, 2003). Woth (2006) finds that only the CLM wind and pressure fields lead to ex-

treme storm surges of a magnitude comparable to those obtained in the hindcast, while other 

RCMs meteorological results underestimate it. Therefore, the hourly Near-surface wind speed 

components (10 m) and 3-hourly mean Sea Level Pressure (SLP) fields from the CLM re-

gionalizations (18 km x 18 km resolution) were used to simulate surge-tide over the North Sea 

by TELEMAC2D. Today’s or reference surge-tide conditions are represented by ‘‘control 

simulation’’ (1970–2000), which is tested statistically using real present-day climate 

‘‘hindcast simulation’’. Possible future conditions in case of global warming are represented 

by ‘‘climate realization’’ (2070–2100).The analysis of future climate change effect on the 

water levels by focussing on extreme values (annual 99.5 percentile and maximum surge-tide) 

and with special emphasis on the German Bight is performed in the following two stages:  

- Stage 1: Simulation of the hindcast and control surge-tide climate between 1970 & 

2000  

- Stage 2: Simulation of future surge-tide climate (2070-2100) for the North Sea 

5.1.1 Control and hindcast surge-tide simulations for the North Sea using TELEM-

AC2D (Stage 1) 

In this section, the simulation of the hindcast and control surge-tide climate between 1970 and 

2000 is performed according to the steps shown in Figure 5.2 and described below: 

1. Prescribe the meteorological forces which are the main responsible factors for the gen-

eration of surge-tide, to the North Sea model in TELEMAC2D (Figure 3.8) as “inputs” 

for control or hindcast simulations (e.g. sea level pressure, meridional and zonal wind 

speed components).  

2. Prescribe the boundary conditions of the North Sea hydrodynamic model in TELEM-

AC2D using all extreme surge-tide components (Figure 2.15) between 1970 and 2000 

(astronomical tides at northern and western open boundaries (η
at

), external surge from 

Wick or Lerwick linearly added to tides on the northern boundary (η
ds

) and fresh wa-

ter discharge (η
Q

) from the main southern rivers (see Figure 3.8). 

3. Drive the North Sea model in TELEMAC2D using boundary conditions of all compo-

nents in step 2, which are prescribed simultaneously in order to predict the surge-tide 
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either under meteorological control conditions (η
su-t TEL

)C20_2 or hindcast conditions 

(η
su-t TEL

)H20. 

4. Calculate the annual percentiles of surge-tide at Cuxhaven and Sylt over 1970–2000 

from the hindcast and control simulations. 

5. Test how close the surge-tide statistics from the control simulation is to real present-

day surge-tide conditions (hindcast simulation) at Cuxhaven and Sylt. 

6. Calculate the annual upper percentiles of hindcast simulation (99.5 percentile 

(PH20
xn (99.5)) and maximum surge-tide (𝑃H20

𝑥n (100))) for years n from 1970 to 2000 at 

every mesh point x in the North Sea model (Figure 3.8). 

7. Calculate the confidence intervals for the mean of 𝑃H20
𝑥n (99.5) and 𝑃H20

𝑥n (100) over 

1970-2000 (𝐶𝐼𝑥(99.5) and 𝐶𝐼𝑥(100)) at every mesh point x with a statistical signifi-

cance level of 95% using student’s t test.   

 

Figure 5.2: simulation of the hindcast and control surge-tide climate between 1970 and 2000. 

See Figure 3.8 
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(a) Meteorological data preparation and application for the North Sea model (1970-

2000) in TELEMAC2D (step 1 in Figure 5.2) 

The regular tidal movements in the North Sea are continuously modified to a greater extent by 

the effect of meteorological forces (essentially wind and pressure). The hydrodynamic model 

TELEMAC2D requires the 10 m height wind and sea level pressure (SLP) fields as meteoro-

logical forces for the control or hindcast surge-tide simulations (1970-2000). If the meteoro-

logical forces are sufficiently accurate, surge-tide and their statistics can be satisfactorily 

modelled with TELEMAC2D, especially if the focus is on long-term statistics rather than on 

single events. Therefore, the hourly zonal and meridional wind speed components along with 

the 3-hourly SLP fields from the CLM regionalization (0.165
o
 x 0.165

o
 horizontal resolution) 

is used as the control climate (C20_2). The RCM CLM is forced on boundaries by the second 

run of global ECHAM5-MPIOM simulation (1.8
o
 x 1.8

o
 horizontal resolution). So the under-

score 2 is related to the initial conditions for the global simulation (Figure 5.2, step 1). The 

selection of initial condition 2 for the GCM is related to the selection of future initial condi-

tion as described in section 5.1.2(a). In contrast, the hourly wind speed components and SLP 

fields for hindcast simulation were regionalized with SN-REMO (0.5
o
 x 0.5

o
 horizontal reso-

lution), which is driven with atmospheric NCEP re-analyses as global conditions. The 

hindcast conditions describe the actual weather in 1970-2000. Control conditions describe a 

random sequence of weather events that shares with the hindcast only the same statistics but 

not the details at any time. The difference between control and hindcast meteorological condi-

tions is summarized in Table 5.1. 

The regionalized meteorological data of hindcast conditions are provided by Helmholtz-

Zentrum Geesthacht (HZG) in netcdf format for each month between 1958 and 2007, while 

the control condition data is downloaded from the WDCC - World Data Center for Climate- 

http://www.dkrz.de/daten/wdcc/ under CERA “Climate and Environmental Retrieval and Ar-

chive”. The RCMs SN-REMO and CLM are set up for running on a rotated grids with North 

Poles located at (-170
o
 longitude, 32.5

o
 latitude) and (-162

o
 longitude, 39.25

o
 latitude) respec-

tively, which differ from the geographical North Pole (0
o
 longitude, 90

o
 latitude). So, the 

hindcast and control meteorological conditions are rotated back to geographical coordinate 

system with the North Pole of (0
o
 longitude, 90

o
 latitude). These re-rotated meteorological 

conditions are transformed afterward to “3-degree Gauss-Kruger zone 3” coordinate system, 

which is used by the North Sea hydrodynamic model in TELEMAC2D (Figure 3.8). 

In order to use the hindcast and control datasets over the North Sea mesh in TELEMAC2D, 

each dataset is interpolated (Figure 5.3): 

(i) in space over the computation grid (Figure 3.8) and stored in TELEMAC2D serafin 

format file for each year between 1970 and 2000 (Tayel & Oumeraci, 2012b),  

(ii) in time during the surge-tide simulation at the internal computation time step by TE-

LEMAC2D.  
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Therefore, after the interpolation in space of the hourly wind speed components and SLP 

fields, a linear temporal interpolation is performed at each computational time step inside TE-

LEMAC2D by the modified subroutine METEO.f (Tayel & Oumeraci, 2012b). 

Table 5.1: Regional climate models for the generation of meteorological driving forces fields for the North Sea 

model in TELEMAC2D. 

Model 

Parameter 
SN-REMO CLM 

Forcing 
Observed GHG and aerosol load-

ing during 20
th

 century. hindcast 

(1960-2007) 

 Observed GHG and aerosol loading 

during 20
th

 century. control (1960-

2000) 

 IPCC climate change scenario A1B 

during 21
th

 century. future (2070-

2100) 

Future scenarios No A1B_2 (2070-2100) 

GCM NCEP Reanalysis 

second run of global climate model 

ECHAM5/MPIOM (Roeckner, 

2003) 

RCM SN-REMO (von Storch et al., 

2000) from HZG 

CLM (Lautenschlager et al., 2009) 

from Deutscher Wetterdienst, 

(DWD) 

RCM coverage region 10.3
o
 W to 70.73

o
 E and          

29.6
o
 N to 67.8

o
 N 

10.7
o
 W to 36.9

o
 E and 

34.5
o
 N to 69.9

o
 N 

Spatial resolution 0.5° x 0.5° (50 km x 50 km) 
0.165° x 0.165° (ca. 18 km x 18 

km) 

Temporal resolution Every one hour. 
Every one hour for 10 m wind. 

every 3-hours for sea level pressure 

number of grid points in (longi-

tude, latitude) (81,91) ( 241,255) 

position of north pole (longitude, 

latitude) (-170
o
,32.5

o
) (-162.0

o
,39.25

o
) 

regionalized meteorological 

results 

Near-surface wind and pressure 

fields over Western Europe and 

adjacent seas including the North 

Sea area. 

Near-surface wind and pressure 

fields over Western Europe and 

adjacent seas including the North 

Sea area. 
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Figure 5.3: Interpolation scheme of meteorological data for the North Sea model, where the developed codes 

(except Climate Data Operator (CDO), remo2geog.m and Fwtools are free software) are in red and 

their functions are in black (Tayel & Oumeraci, 2012b). 

Figure 5.4 shows the statistics of extremes in sea level pressure and near surface wind as ob-

tained in the atmospheric SN-REMO hindcast. These extremes are described as the 29-years 

mean of 1
st
 percentile for SLP and as the 99

th
 percentile for 10-m wind speed (Woth, 2006). 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. Meanwhile, wind speeds between 17 and 20 m/s are pro-

duced, increasing from South to North (Woth, 2006). 

The CLM control simulation shows an overestimation of the sea level pressure (Figure 5.5 

(a)) relative to the SN_REMO hindcast (Figure 5.4(a)). This overestimation increases from 

North to South with the smallest difference of about 0.5 hPa occurring in the northern part and 

the largest difference of about 4.5 hPa in the southern part of the computational domain 

(Woth, 2006). Accordingly, the extreme near-surface wind speed is slightly overestimated. 

The 99
th

 percentile of wind speed is about 0.5 m/s higher in the southern and south-western 

parts of the analysed domain, while it increases to about 1.5 m/s in the north-eastern part 

(Woth, 2006). 
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Figure 5.4: Inter-annual mean of the 1
st
 percentile sea level pressure (SLP) (a) and of the 99

th
 percentile 10-m 

wind speed (b) derived from SN_REMO, hindcast, 1961 – 1990. Units: hPa (SLP) and m/s (wind 

speed) (Woth, 2006). 

 

Figure 5.5: Biases of inter-annual mean of the 1
st
 percentile sea level pressure (SLP) (a) as well as of the 99

th
 

percentile 10-m wind speed (b) derived from CLM, control condition, 1961 – 1990 relative to the 

SN_REMO hindcast (Figure 5.4). Units: hPa (SLP) and m/s (wind speed) (Woth, 2006). 

(a) (b) 

(b) (a) 
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(b) Boundary conditions for the North Sea mesh in TELEMAC2D (step 2 in Fig-

ure 5.2) 

Coastlines adapt to the forcing induced by stochastic events such as waves and storm surges, 

which are superimposed nonlinearly on the periodic components and processes of the astro-

nomical tides. In fact, the tidal motion in a shelf sea is not usually the direct action of the tidal 

attractive forces on Earth by the two planets moon and sun. Therefore in the North Sea, the 

observed tides are a co-oscillating response to the tides generated in the North Atlantic Ocean 

(Banner, 2011). These co-oscillating tides are expressed by waves which enter and exit the 

North Sea through the northern open boundary with the North Atlantic Ocean. However, mi-

nor tides may also enter and exit the North Sea area through the Dover Strait in the south and 

the Skagerrak in the east. Therefore, the predicted water level at each node of the northern and 

western open-sea boundaries (78 nodes) for the North Sea model (Figure 3.8) is used, which 

is predicted by BSH model for year 2006 and provided by BAW. For these nodes, the har-

monic tidal constituents were calculated based on the year 2006 using “Tidal Analysis 

Toolbox” (Pawlowicz et al., 2002) in order to predict the boundary tidal level for control and 

hindcast surge-tide simulations between 1970 and 2000.  

The prediction of steering forces at the lateral boundaries using the harmonic tide analysis 

alone does not account for the longer aperiodic water level changes induced by external surg-

es. The influence of Atlantic external surges, which propagate to the North Sea as a long wave 

in counter clockwise direction (Figure 2.6), but independently of the tidal phase and any peri-

odic regularity, is important for the accurate calculation of water elevations in the North Sea. 

The observed external surge for the North Sea is higher at the north-west boundary than at the 

north boundary between Scotland and Norway (Figure 3.8). In order to take this phenomenon 

into account for the North Sea model in TELEMAC2D, the external surge at Wick (north-

west boundary) or Lerwick (north boundary) can be added linearly to the tidal level at each 

node of the northern open sea boundary (see Figure 3.8). The observed external surges data at 

Wick and Lerwick between 1969 and 2007, which were used in both control and hindcast 

surge-tide simulations, was downloaded from the British Oceanographic Data Centre (BODC) 

website http://www.bodc.ac.uk/. The downloaded data for each year of the above selected 

period  (1969-2007) is recorded with time interval between 15 minutes and 1 hour, which is 

temporally interpolated in order to be synchronized with the predicted tide at the northern 

boundary nodes every 15 minutes. Moreover, the observed external surge for Wick contains 

data gaps and improbable values mostly in the years 1970, 1971 and 1985, while it is the case 

for Lerwick in the years 1999 and 2000. Since the time interpolation of gaps for the two loca-

tions will generate constant external surge values, which are not appropriate for the northern 

open boundary of the North Sea model.  So two external surge NARX models were developed 

and used to fill the gaps in observed external surge for Wick and Lerwick, which are used for 

the prediction of  external surge in the future simulation between 2070 and 2100 (Tayel & 

Oumeraci, 2012b).  

The effect of river discharge on water levels during storms is almost negligible at Cuxhaven 

and Sylt especially for smaller discharges (Q<600 m
3
/s). The maximum contribution of river 

http://www.bodc.ac.uk/
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discharge ((η
rd

)max) at Cuxhaven is not more than 1% Q=3620 m
3
/s and without any noticea-

ble effect on surge-tide simulations (see section 4.3.4). Therefore, surge-tide simulations in 

the North Sea could be calculated without being affected by errors in river discharge predic-

tions. The daily fresh water discharges from the four main rivers in southern of the North Sea 

area (Westerschelde, Ems, Weser, and Elbe) over 1960-2007 are provided by BAW, which 

are temporally interpolated every 15 minutes in order to be synchronized with tidal and exter-

nal surges data in the boundary file for each year between 1970 and 2000.   

(c) Processing hindcast and control surge-tide simulations results (steps 3 to 7 in 

Figure 5.2) 

The objectives of the investigations are hindcast and control surge-tide simulations over the 

North Sea, i.e., the wind and pressure related water-levels under hindcast and control metro-

logical forces. Thus, each simulation was performed using the same model boundary setup, 

i.e.,  forced by the same water-level variations at the lateral boundaries representing the global 

astronomical tidal dynamics, the same external surges from Atlantic Ocean and the same main 

rivers discharges. The boundaries are located sufficiently far away from the area of interest 

(southeastern of the North Sea: German Bight) to allow the generation of realistic meteorolog-

ical-induced surges and the consideration of tide-surge interactions in the interior (see 

Figure 3.8). Since most of the damages expected in the coastal zone are due to near-shore 

shallow water effects, which are resolved to a practically sufficient approximation in TE-

LEMAC2D. For the simulations presented here, Gauss-Krüger 3 coordinates with changing 

spatial resolution from 26 km in the northern Dogger Bank to 80 m in the German estuaries 

were used. The resulting surge-tides of these simulations include the interactions of storm 

surges with the tides by TELEMAC2D for control conditions ((η
su-t TEL

)C20_2) and hindcast 

conditions ((η
su-t TEL

)H20). The state-variables (free surface elevation, vertically averaged ve-

locity and water depth) are stored for all “wet” grid points of the model domain every hour. 

The first 10 days of each simulation was discarded to account for potential spin-up effects. 

Basically, the purpose is to examine the similarity of the control simulation, which is sup-

posed to be representative for the period 1970-2000, with the hindcast simulation as follows: 

1. Extract from the hindcast and control surge-tide simulations over the North Sea the 

annual percentiles of surge-tide (from zero percentile to 100 percentile) for two sites in 

the German Bight (Cuxhaven and Sylt). 

2. Calculate the 30-years average of each extracted percentile  

3. Compare the statistics of averaged surge-tide percentiles obtained from the hindcast 

with the control simulations statistics at both sites (Cuxhaven and Sylt). 

Figure 5.6 shows the comparison of the mean annual percentiles for predicted surge-tide 

(1970–2000), which are obtained from the hindcast and control simulations for both sites 

(Cuxhaven in the Elbe estuary and Sylt in the open-coast of North Sea). These sites represent 

quite well the conditions in the larger areas around them. It can be seen that the percentiles 

from the control and hindcast simulations are very close to each other when the entire period 
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is considered. Therefore, the control simulation statistics are generally in good agreement with 

the hindcast at each site, which is represented by the linear correlation of more than 0.99. 

There is a tendency to a slight underestimation for surge-tide extremes by the control simula-

tion in each site. This is due to the overestimation of the sea level pressure by control meteor-

ological conditions relative to the SN_REMO hindcast (see Figure 5.5 (a)). It should be noted 

that the underestimation of some extreme events is not a unique shortcoming of the statistical 

model but also present in numerical models (Dangendorf et al., 2014; Wahl et al., 2010; 

Weisse & Plüβ, 2006). Dangendorf et al. (2014) suggested that the temporal and spatial reso-

lution of the model meteorological forcing is the most likely responsible for the deviations in 

the highest percentiles. Figure 5.6 indicates that the inter-annual variability of each surge-tide 

percentiles from the hindcast is close to its counterpart in the control simulations for both 

sites. For example, the variance of the annual 99.5 percentiles for both control simulations lie 

within 0.5 cm around the hindcasted variance in each site. 

This analysis demonstrates that the control climate, which will be used as a reference for fu-

ture climate change impacts, is in agreement with the results from the hindcast simulations 

and has thus a resemblance with the real climate effect on surge-tide.  

 

 

Figure 5.6: Mean annual percentiles of surge-tide (from zero percentile to 100 percentile) in meters at Cuxhaven 

(a) and Sylt (b) over 1970–2000 from the hindcast ((η
su-t TEL

)H20) and control simulations 

((η
su-t TEL

)C20_2) by TELEMAC2D. 
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Hindcast and control simulations are analysed spatially over the North Sea for the time period 

between 1970 and 2000. Since extreme surge-tide conditions have the largest implications for 

many sectors, such as coastal structures and infrastructures, offshore platforms and other facil-

ities or shipping, the analysis is limited to extreme events. In that way, the annual upper per-

centiles (99.5 percentile (𝑃S
𝑥n(99.5)) and maximum surge-tide (𝑃S

𝑥n(100)) is considered, 

where S is either hindcast or control simulation ((η
su-t TEL

)H20 or (η
su-t TEL

)C20_2, respectively) 

for n years from 1970 to 2000 at each grid point x (see Figure 3.8). The averages of upper 

percentiles are considered to be a relatively robust measure for changes in the statistics of ex-

treme events. So these percentiles were averaged over a 30-year time period from 1970 to 

2000 for hindcast and control simulations (for 99.5 percentile (𝑃S
𝑥(99.5) and maximum surge-

tide (𝑃S
𝑥(100), respectively). Figure 5.7 presents the inter-annual means of 99.5

th
 and 100

th
 

percentiles from North Sea surge-tide under the hindcast meteorological condition 

(𝑃H20
𝑥 (99.5) and 𝑃H20

𝑥 (100), respectively) along with their confidence intervals (𝐶𝐼𝑥(99.5) 

and 𝐶𝐼𝑥(100), respectively) using Student’s t test under a statistical significance level of 

95%. It is noticeable that 𝑃H20
𝑥 (99.5) and 𝑃H20

𝑥 (100) along with their confidence intervals are 

affected mainly by the large-scale tidal amphidromic system of the North Sea. In the German 

Bight, the 𝑃H20
𝑥 (99.5) (see Figure 5.7(b)) increases from 0.6 m near the middle amphidromic 

point to 2.4 m close to the landward border of the Elbe estuary, while 𝑃H20
𝑥 (100) (see 

Figure 5.7(e)) increases from 1.2 m to 3.6 m. in  the southern part of North Sea, where another 

amphidromic system stretching from the Wash to Dover, The 𝑃H20
𝑥 (99.5) (see Figure 5.7(b)) 

increases from 1.2 m to 4.0 m close to the landward border of Wash or Dover, while 

𝑃H20
𝑥 (100) (see Figure 5.7(e)) increases from 1.8 m to 4.5 m. Confidence intervals 𝐶𝐼𝑥(99.5) 

and 𝐶𝐼𝑥(100) represent the range of natural variability by surge-tide climate. The lower and 

upper values of 𝐶𝐼𝑥(99.5) (Figure 5.7(a) and (c)) and 𝐶𝐼𝑥(100) (Figure 5.7(d) and (f)) are 

close to 𝑃H20
𝑥 (99.5) and 𝑃H20

𝑥 (100), respectively and reflect the increasing effect on surge-

tide with larger distances from the tidal amphidromic points locations. 

The bias signals of the control simulations for upper percentiles (𝐶20_2
𝑥 (99.5) and 

𝐶20_2
𝑥 (100)) are defined as the difference between the mean values 𝑃𝐶20_2

𝑥 (99.5) 

or 𝑃𝐶20_2
𝑥 (100) in the control simulation (C20_2) and the corresponding mean values 

𝑃𝐻20
𝑥 (99.5) or 𝑃𝐻20

𝑥 (100) from the hindcast simulation (H20) i.e.: 

 𝐶20_2
𝑥 (99.5) =  𝑃𝐶20_2

𝑥 (99.5) − 𝑃𝐻20
𝑥 (99.5) (5.1) 

 𝐶20_2
𝑥 (100) =  𝑃𝐶20_2

𝑥 (100) − 𝑃𝐻20
𝑥 (100) (5.2) 
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Figure 5.7: Inter-annual mean of the 99.5
th

 percentile (b) and 100
th

 percentile (e) derived from surge-tide in me-

ters under SN_REMO hindcast, 1970 – 2000, along with their confidence intervals on a 95% level 

based on a Student’s t test. Lower and upper values of the 99.5
th

 percentile confidence interval are in 

(a) and (c), respectively, while for the 100
th

 percentile are in (d) and (f), respectively. 
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Generally, there is a gradual decrease in the bias signal of the control simulation for the upper 

percentiles from the middle of North Sea toward the Elbe estuary. For 𝐶20_2
𝑥 (99.5) and 

𝐶20_2
𝑥 (100), the maximum decrease in the mean difference of surge-tide occurs in the south-

eastern North Sea (see Figure 5.8), which reach -0.14 m and -027 m, respectively. These cor-

respond to about 6% and 7.5% decrease, respectively for 𝐶20_2
𝑥 (99.5) and 𝐶20_2

𝑥 (100), in 

comparison to the maximum hindcast simulation values. Moreover, 𝐶20_2
𝑥 (99.5) and 

𝐶20_2
𝑥 (100) are approximately zero in the middle of the upper North Sea region. This corre-

sponds to the general pattern of the sea level pressure overestimation by the regional climate 

model CLM, which increases from the northern to the southern North Sea.  

An extreme surge-tide event is defined for a period covering one or more hourly intervals dur-

ing which the 99.5
th

 percentile is exceeded. The average duration and number of such extreme 

events in the hindcast and control simulations are also determined over the North Sea (1970-

2000). In fact, both characteristics are important parameters in the context of design, construc-

tions and operation of marine structures and other facilities. Figure 5.9 shows the inter-annual 

means of the duration and frequency for extreme events under the hindcast meteorological 

conditions (𝑑𝐻20
𝑥 (≥ 99.5) and 𝑓𝐻20

𝑥 (≥ 99.5), respectively) along with their confidence inter-

vals (𝐶𝐼𝑑
𝑥(≥ 99.5) and 𝐶𝐼𝑓

𝑥(≥ 99.5), respectively) using Student’s t test with statistical signif-

icance level of 95 %. Since 𝑃H20
𝑥 (99.5) and 𝑃H20

𝑥 (100) over the North Sea are affected mainly 

by the large-scale tidal amphidromic system of the North Sea, duration 𝑑𝐻20
𝑥 (≥ 99.5) and  

frequency 𝑓𝐻20
𝑥 (≥ 99.5) of the extreme events and their confidence intervals are also affect-

ed. In the German Bight, duration 𝑑𝐻20
𝑥 (≥ 99.5)  decreases from 9 hour near the middle am-

phidromic point to 3 hour close to the landward border of the Elbe estuary (see Figure 5.9 

(b)), while frequency 𝑓𝐻20
𝑥 (≥ 99.5) increases from 5 event/year to 13.4 event/year (see Fig-

ure 5.9 (e)). In  the southern part of the North Sea, where another amphidromic system 

stretching from the Wash to Dover, duration 𝑑𝐻20
𝑥 (≥ 99.5) decreases from 6 hour to 2.4 hour 

close to the landward border of the Wash or Dover (see Figure 5.9(b)). In contrast, mean fre-

quency 𝑓𝐻20
𝑥 (≥ 99.5) increases from 8 event/year to 12.8 event/year close to the deep water 

border of Wash or Dover and then decreases to approximately 5 event/year toward their land-

ward borders (see Figure 5.9 (e)). This corresponds to the general pattern of the storm surge 

height distribution for the North Sea, which has its maximum in the German Bight (Woth, 

2006; Gaslikova et al., 2013) and affected mainly by tides. 

Confidence intervals 𝐶𝐼𝑑
𝑥(≥ 99.5) and 𝐶𝐼𝑓

𝑥(≥ 99.5) represent the range of natural variability 

for the duration and frequency of extreme surge-tide events, respectively. The lower and up-

per values of 𝐶𝐼𝑑
𝑥(≥ 99.5) (Figure 5.9 (a) and (c)) and 𝐶𝐼𝑓

𝑥(≥ 99.5) (Figure 5.9 (d) and (f)) 

are close to 𝑑𝐻20
𝑥 (≥ 99.5) and 𝑓𝐻20

𝑥 (≥ 99.5), respectively, furthermore their behaviour as a 

function of the distance from the location of tidal amphidromic points is similar. 
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Figure 5.8: Control bias signals for 30-year surge-tide averages (1970-2000) of annual 99.5 percentile (a) and 

100 percentile (b) over the North Sea in meters. 



 
Extreme storm-tide in the 21st century under the projected climatic change 

for the German Bight 170 

 

   

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Annual mean duration of extreme events “surge-tide with percentiles above 99.5% tile” (b) and mean 

number of these events (e) for the hindcast (1970-2000), along with their confidence intervals on a 

95% level by Student’s t test. Lower and upper values of the extreme events duration are in (a) and 

(c), respectively, while for their frequency are in (d) and (f), respectively. 
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The bias signal of the mean duration and frequency for extreme surge-tide events (𝑑𝐶20_2
𝑥 (≥

99.5) or 𝑓𝐶20_2
𝑥 (≥ 99.5), respectively) is defined as the difference between the mean value ( 

𝑑𝐶20_2
𝑥 (≥ 99.5) or 𝑓𝐶20_2

𝑥 (≥ 99.5),respectively) in the control simulation (C20_2) and the 

corresponding mean value (𝑑𝐻20
𝑥 (≥ 99.5) or 𝑓𝐻20

𝑥 (≥ 99.5), respectively) from the hindcast 

simulation (H20) i.e.: 

 𝑑𝐶20_2
𝑥 (≥ 99.5) =  𝑑𝐶20_2

𝑥 (≥ 99.5) − 𝑑𝐻20
𝑥 (≥ 99.5) (5.3) 

 𝑓𝐶20_2
𝑥 (≥ 99.5) =  𝑓𝐶20_2

𝑥 (≥ 99.5) − 𝑓𝐻20
𝑥 (≥ 99.5) (5.4) 

Generally in the control surge-tide simulations, the annual-mean duration and frequency of 

extreme events compare well with the hindcast simulations over the North Sea. Annual-mean 

duration d𝐶20_2
𝑥 (≥ 99.5) decreases to one hour only around the middle amphidromic point in 

the German Bight, while it remains approximately constant in the rest of the North Sea in the 

hindcast simulations (Figure 5.10 (a)). Moreover, the change in the number of extreme events 

f𝐶20_2
𝑥 (≥ 99.5) increases to 1.61 event/year in the area around the middle amphidromic point  

with no or very slight changes in the rest of the North Sea area (Figure 5.10 (b)). 
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Figure 5.10: Control bias signals of the duration (a) and frequency (b) for extreme surge-tide events as the differ-

ence between their annual means in the control simulation (C20_2; 1970-2000) and the corresponding 

mean values from the hindcast simulation (H20; 1970-2000).  
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The results from the control simulations of the surge-tides over the North Sea are statistically 

in agreement with those from the hindcast simulations in 1970-2000 and have thus a resem-

blance with the real climate. The bias signal of the control simulations for upper percentiles 

(𝐶20_2
𝑥 (99.5) and 𝐶20_2

𝑥 (100)) gradually decreases from the middle part of the North Sea 

toward the Elbe estuary. The 𝐶20_2
𝑥 (99.5) and 𝐶20_2

𝑥 (100) show a maximum decrease of 

about 6% and 7.5%, respectively in comparison with the maximum values obtained from the 

hindcast simulations in the southeastern of North Sea. Moreover, the annual-mean duration 

and frequency of extreme events in the control simulations compare well with the hindcast 

over the North Sea. Since the systematic errors (bias) appear in the control simulations of the 

present storm-tide conditions, the difference between the future and control simulations will 

represent the response of future emission scenario. So the results of this statistical analysis 

demonstrates that the control climate by the RCM CLM can be used as an adequate reference 

for future climate change impacts.  

5.1.2 Future surge-tide simulation for the North Sea using TELEMAC2D (Stage 2) 

In this section, the simulation of future surge-tide climate (2070-2100) for the North Sea is 

performed according to the steps shown in  Figure 5.2 and described below: 

1. Prescribe the meteorological forces regionalized by CLM model, which are the main 

responsible factors for the generation of surge-tide, to the North Sea model in TE-

LEMAC2D (Figure 3.8) as “inputs” for future simulation under A1B scenario (e.g. sea 

level pressure, meridional and zonal wind speed components). 

2. Use the average fresh water discharge of the main four rivers in southern North Sea as 

boundary conditions for fresh water discharge (Q) under future conditions (2070-

2100).  

3. Predict the external surge at Wick or Lerwick (η
ds

) under future conditions (2070-

2100) using the developed time series prediction by NARX models that are used to fill 

the missing data in 1970 - 2007.  

4. Predict the astronomical tide for each mesh point in northern and western boundaries 

of the North Sea model (Figure 3.8).  

5. Drive the North Sea model in TELEMAC2D using the boundary conditions of all 

components, which are prescribed simultaneously in order to predict the surge-tide 

under future meteorological conditions (η
su-t TEL

)A1B_2. 

6. Calculate the annual upper percentiles of control (predicted in stage 1, step 3) and fu-

ture simulations (99.5 percentile (𝑃S
𝑥n(99.5)) and maximum surge-tide (𝑃S

𝑥n(100)), 

where S is either control simulation (η
su-t TEL

)C20_2 for years n from 1970 to 2000 or fu-

ture simulation (η
su-t TEL

)A1B_2 between 2070 and 2100) at every mesh point x in the 

North Sea model (Figure 3.8). 

7. Calculate the mean of 𝑃S
𝑥n(99.5) and 𝑃S

𝑥n(100) in step 6 either over 1970-2000 for 

control condition (𝑃𝐶20_2
𝑥 (99.5) and 𝑃𝐶20_2

𝑥 (100)) or over 2070-2100 for future condi-

tion (𝑃𝐴1𝐵_2
𝑥 (99.5) and 𝑃𝐴1𝐵_2

𝑥 (100)) at every mesh point x. 
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8. Calculate the climate change signals (𝑥(99.5) and 𝑥(100)) as the difference be-

tween the mean value 𝑃𝐴1𝐵_2
𝑥 (99.5) or 𝑃𝐴1𝐵_2

𝑥 (100) in the climate change simulation 

(A1B_2) and the corresponding mean value 𝑃𝐶20_2
𝑥 (99.5) or 𝑃𝐶20_2

𝑥 (100) from the 

control simulation (C20_2) i.e.: 

 𝑥(99.5) =  𝑃𝐴1𝐵_2
𝑥 (99.5) − 𝑃𝐶20_2

𝑥 (99.5) (5.5) 

 𝑥(100) =  𝑃𝐴1𝐵_2
𝑥 (100) − 𝑃𝐶20_2

𝑥 (100) (5.6) 

9. Compare the climate change signals 𝑥(99.5) and 𝑥(100) with the corresponding 

confidence intervals 𝐶𝐼𝑥(99.5) and 𝐶𝐼𝑥(100) (calculated in stage 1, step 7) to identify 

the significant changes in future surge-tide climate for every mesh point x in the North 

Sea model.  

 

(a) Meteorological data preparation and application for the North Sea model (2070-

2100) in TELEMAC2D (step 1 in Figure 5.11) 

The surface wind is considered as the main forcing factor for surge-tide in the North Sea. The 

changes in extreme wind conditions due to climate change help to explain future changes in 

the extreme storm-tide events. The effects of climate change depend on the selected scenario 

among the “future climate scenarios” proposed by IPPC (Houghton, 1996; Houghton et al., 

1992, 2001). Employing scenarios requires the construction of a series of possible, mutually 

exclusive but internally consistent futures, which describe different developments of the dy-

namics conditional upon a number of key assumptions (Woth, 2006). These futures are not 

equally probable but they are all possible, and should be plausible and logical (von Storch & 

GKSS, 2005). These ‘storylines’ are translated into different amounts of climatically relevant 

greenhouse gas emissions (GHG) and aerosols loadings until the end of 21
st
 century (see 

Box 5.1). Afterward, the GHG and aerosols loadings are specified externally to the GCMs in 

order to compute several decades of weather, typically using a 6-hourly output interval. The 

GCM outputs were dynamically downscaled using the RCMs to a finer grid covering Western 

Europe including the North Sea area (see Figure 5.1). Moreover, these emissions could lead to 

different rates of sea level rise depending on the thermal expansion of ocean and continental 

ice sheet melting in response to the increase of global temperature. Table 5.2 summarizes the 

different scenarios along with their induced global temperature increases and sea level rises 

according to IPCC Assessment Report AR4 of 2007. 
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Figure 5.11: simulation of the future surge-tide change signals (2070-2100) for the North Sea based on control 

and hindcast results from stage 1(Figure 5.2). 

Table 5.2: Emissions scenarios with their increase in global temperature and projected sea level rise in 2100 

according to PCC Assessment Report AR4 of 2007 (Chini, 2012). 

Scenario name Emissions scenario Global temperature 

increase (C), 

with likely range in 2100 

Sea level rise in 2100 

(m) 

A1F1 high 4.0 (2.4 – 6.4) 0.26 – 0.59 

A2 Medium high 3.4 (2.0 – 5.4) 0.23 – 0.51 

A1B medium 2.8 (1.7 – 4.4) 0.21 – 0.48 

B2 Low medium 2.4 (1.4 – 3.8) 0.20 – 0.43 

B1 low 1.8 (1.1 – 2.9) 0.18 – 0.38 

 

See Figure 3.8 
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Box 5.1: Summary of emissions scenarios proposed in the IPCC Special Report on Emission Scenarios (Meehl et 

al., 2007). 

In this study, only one emission scenario has been selected due to the long simulation time of 

the North Sea model that will be required for the generation of surge-tide by TELEMAC2D 

and wave propagation by TOMAWAC under all scenarios. The selected scenario should rep-

resent the ensemble mean of all scenarios and preserve a good skillful-scale, i.e. the scale at 

which atmospheric features are described reasonably well by a climate model. The skillful-

scale should be larger than the actual grid cell resolution of a climate model (Pielke, 1991; 

von Storch, 1995).  

Recently, the investigation of storm surge potential changes (trends) under several scenarios 

for the North Sea over the last 30-year of 21
th

 century have been conducted. (Gaslikova et al., 

2013) analysed the 99 percentile of the annual 10 m height wind speed for storm surge chang-
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es under two climate change scenarios. They used the 99 percentile of wind speed, since the 

latter reaches about 18 m/s that is above eight Beaufort (17.2 m/s), which is a storm bench-

mark. The climate change conditions were A1B_1, A1B_2, B1_1 and B1_2, i.e. two IPCC 

emission scenarios (SRES A1B and B1) under two initial conditions for the GCM (1 and 2). 

For this purpose, the hourly wind and 3-hourly SLP fields from the COSMO-CLM regionali-

zations (0.165
o
 x 0.165

o
 horizontal resolution) forced at the boundary by the global 

ECHAM5-MPIOM simulations (1.8
o
 x 1.8

o
 horizontal resolution) for the two control climates 

C20_1 and C20_2 (1961-2000) and for the four future climate projections A1B_1, A1B_2, 

B1_1 and B1_2 (2001-2100) were used. The differences between the four climate projections 

for 30-year period (2071-2100) and the corresponding control climate (1961-1990) for the 

mean annual 99 percentile show an increase for most parts of the North Sea (see Figure 5.12). 

On a 95 %-level, these changes are only statistically significant (based on a Student’s t test) 

above roughly 0.4 m/s. The maximum changes of all projections (except B1_2) occur in the 

southern North Sea including the German Bight. All projections show a decrease (not statisti-

cally significant) in the mean annual 99 percentile in the northern and northeastern North Sea. 

Moreover, a general view of the four climate change realisations is shown through the differ-

ences of the ensemble mean for the annual 99 percentile between the 30-year period 2071–

2100 and the control period 1961–1990 (see Figure 5.13). These differences show an increase 

of wind speeds up to 0.3 m/s in the southern North Sea and the German Bight (Gaslikova et 

al., 2013). Note that due to the larger sample size of the ensemble mean compared to the sin-

gle realizations, already changes larger than 0.2 m/s are statistically significant on a 95 %-

level (Gaslikova et al., 2013). 

From Figure 5.12 and Figure 5.13, the changes of the mean 99 percentile wind speed regional-

ized by the ECHAM5-MPIOM/CLM models under A1B_2 realization has the most resem-

blance to the characteristics shown by the ensemble mean. Under the A1B_2 and ensemble 

mean future realizations, the changes in mean annual 99 percentile wind speed of 0.2 m/s cov-

er approximately the same distributions for the middle and southern parts of the North Sea 

including the German Bight, while both realizations reflect a decrease of -0.2 m/s in the 

northeastern North Sea. On the other hand, the changes in mean annual 99 percentile wind 

speed under A1B_1 and B1_1 realizations, which reach 0.6 m/s and 0.4 m/s, respectively, are 

stronger than those shown by the ensemble mean in the middle and southern parts of the 

North Sea. While there are no changes under B1_2 realization due to climate change in most 

parts of the North Sea.  

Therefore, the future realization with A1B_2 is used in this study to show the impact of cli-

mate change projections on surge-tide and waves over the North Sea area. So the same prepa-

ration procedure is also adopted in the control conditions (see section 5.1.1(a)), since the con-

figuration of the used meteorological models is exactly like in the control simulations (1970-

2000). The regionalized meteorological data of future conditions under A1B_2 realization is 

downloaded from the WDCC website http://www.dkrz.de/daten/wdcc/. The future meteoro-

logical conditions (the wind at 10m elevation above MSL and SLP fields) between 2070 and 

2100 are rotated back to geographical coordinate system with North Pole (0
o
 longitude, 90

o
 

latitude). These re-rotated meteorological conditions are transformed afterward to the “3-
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degree Gauss-Kruger zone 3” coordinate system, which is used by the North Sea hydrody-

namic model in TELEMAC2D (Figure 3.8). Thereafter, the same interpolation scheme of con-

trol conditions is applied (see Figure 5.3). The transformed future meteorological conditions 

are interpolated in space over the North Sea computation grid (Figure 3.8). Accordingly,  a 

linear temporal interpolation is performed at each computational time step inside TELEM-

AC2D by the modified subroutine METEO.f (Tayel & Oumeraci, 2012b). 

 

Figure 5.12: Climate change signals for 30-year averages of annual 99 percentile wind speed in meters per sec-

ond for A1B_1 (upper left), B1_1 (upper right), A1B_2 (lower left) and B1_2 (lower right). Shaded 

areas show significant differences on a 95% level based on a Student’s t test (Gaslikova et al., 2013). 
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Figure 5.13: Climate change signal for 30-year averages of annual 99 percentile wind speed in meters per second 

for the ensemble mean (the mean of the four climate projections A1B_1, A1B_2, B1_1 and B1_2). 

Shaded areas show significant differences on a 95% level based on a Student’s t test (Gaslikova et al., 

2013). 

Figure 5.14 displays climate change signals of the annual 99 percentile wind speed as devia-

tions of future mean (A1B_2, 2070-2100) from the control mean (C20_2, 1970-2000) for 

Cuxhaven and for Sylt. The 10-year running averages of annual 99 percentile wind speed are 

calculated for the future meteorological conditions, since the annual values of each 10 years in 

(2070-2100) follow a normal distribution (normality test with Anderson-Darling with P-

value>0.05). These signals show a strong increase up to ca. 2087 followed by a decrease up to 

2095, which vary spatially between the two sites (Cuxhaven and Sylt). For the two sites in the 

German Bight, the maximum value is reached in 2087 with 0.50 m/s for Cuxhaven and 0.21 

m/s for Sylt, while the minimum value occurs in 2077 with -0.20 m/s for Cuxhaven and -0.41 

m/s for Sylt. Moreover, there are similarities between the two sites in the patterns of the tem-

poral change in the annual 99 percentile signals. Nevertheless, the climate change signals at 

Cuxhaven, which are all positive from 2080 to 2095, are stronger than those of Sylt that only 

positive between 2086 and 2088. 
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Figure 5.14: Time series of climate change signals for 10-year running averages of annual 99 percentile wind 

speed in meters per second for the A1B_2 climate (2070-2100) relative to the mean of control climate 

(1970-2000) at Cuxhaven and Sylt. Shaded areas between blue or red dashed lines correspond to the 

95 % confidence interval for the hindcast mean based on bootstrapping at Cuxhaven or Sylt, respec-

tively. 

In addition to the effect of the changes in wind speed on surge-tide levels in coastal areas, the 

effects of the frequency of strong winds and wind direction are also considerable. For Cuxha-

ven and Sylt, the wind directions were divided into 30
o
 sectors from 15

o
-45

o
 to 345

o
-15

o
 

(where 0
o
=360

o
 is the north) and the frequency of strong wind speeds (≥17.2 m/s) coming 

from a particular sector has been calculated. The mean changes in wind direction are illustrat-

ed by Figure 5.15 for Cuxhaven and Sylt for two 30-year time intervals in 1970-2000 and in 

2070-2100, showing a direct comparison of the frequency distributions of strong wind speeds 

between these two time intervals at Cuxhaven (Figure 5.15a) and Sylt (Figure 5.15b). At both 

sites, there is a general increase in frequency of strong south-westerly to north-westerly winds 

and a slight decrease of northerly and/or easterly winds. Moreover, the northerly and/or east-

erly winds at Cuxhaven have approximately no effect compared to westerly winds, while they 

have very weak effect the frequency of strong wind speeds at Sylt. 

The changes in frequency distributions for wind speeds greater than 17.2 m/s between control 

(C20_2) and future (A1B_2) simulations show whether and how the dominant strong wind 

directions could change due to climate change, thus resulting in different impacts on the dif-

ferent coastal sites of the North Sea. 
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Figure 5.15: Frequency distribution of wind directions for wind speeds greater than 17.2 m/s for two 30-year 

time intervals corresponding to two realizations (C20_2: 1970-2000; A1B_2: 2070-2100) for Cuxha-

ven (a) and Sylt (b). Angles 90
o
, 180

o
, 270

o
 and 0

o
=360

o
 correspond to E(ast), S(outh), W(est) and 

N(orth), respectively. 

Figure 5.16 shows the temporal variations of the differences in strong winds frequencies be-

tween the last 30 years of the 21
st
 century (2070-2100) and the last 30 years of the 20

st
 century 

(1970-2000), which represents the reference control climate  for Cuxhaven (𝑓_𝑤𝐴1B_2
𝐶𝑢𝑥ℎ𝑎𝑣𝑒𝑛) 

and Sylt (𝑓_𝑤𝐴1B_2
𝑆𝑦𝑙𝑡

). The 10-year running averages of the annual frequencies for strong 

westerly winds (165
o
-345

o
) are calculated for the future meteorological conditions. The annu-
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al frequencies of each decade in 2070-2100 follow a normal distribution (normality test with 

Anderson-Darling P-value>0.05). At both sites, the frequency of strong winds generally in-

creases for the last 30 years of the 21
st
 century. Moreover, there are similarities in the patterns 

of the changes of the frequency signals between the two sites, while the frequency signals are 

close to each other from 2086 to 2100. The frequency signals reach a maximum value in 2087 

with 35.35 hour/year in Cuxhaven and 38.10 hour/year in Sylt, while the minimum value oc-

curs in 2077 with -5.20 hour/year in Cuxhaven and -18.95 hour/year in Sylt.  

The severity of a storm-tide depends primarily on the wind speed, wind direction and dura-

tion. An extreme wind event at Cuxhaven or Sylt is defined as a period covering one or more 

hourly intervals with wind speed reaching or exceeding the annual 99th percentile. 

Figure 5.17 shows the temporal changes in durations for extreme wind events (𝑑_𝑤𝑆
𝑥(≥ 99)), 

where S describes the meteorological conditions under hindcast and control simulations 

(1991-2000). The annual durations of each decade under hindcast and control periods general-

ly follow a normal distribution (normality test with Anderson-Darling P-value>0.05). The 

mean duration of these events in the hindcast simulations at Sylt within ca. 6.15-7.5 hours is 

relatively shorter than those at Cuxhaven within 6.13-7.93 hours (Figure 5.17 (a)). Moreover, 

the annual duration of extreme events at both sites increases by approximately 1.5 hour from 

1995. Though this part is generally well reproduced in the control simulations, at both sites 

the annual duration of extreme wind events is slightly underestimated in the period 1992-1996 

and then slightly overestimated until 2000 (Figure 5.17 (b)). The bias signal of extreme events 

duration under control simulations, which is the difference (bias) between the annual duration 

of extreme wind events duration under control conditions from the hindcast mean (1991-

2000). At Cuxhaven it lies in the 95 % confidence interval for the hindcast with zero mean 

based on bootstrapping, while it experiences a significant change for Sylt only in 1995, 1999 

and 2000.  

The temporal characteristics of the duration and those of the frequency of extreme wind 

events are important parameters for the design, constructions and operations of marine struc-

tures and facilities in the context of climate change.  Figure 5.18(a) shows the climate change 

signals for 10-year running averages at Cuxhaven and Sylt as a difference of the wind dura-

tion between future conditions (A1B_2) and its mean under control conditions (C20_2). The 

climate change signals at both sites are not significant and are within the range of the natural 

variability in the results of the hindcast simulations. The duration at Cuxhaven increases under 

future conditions; the highest increase occurs in 2085 and 2092 with 0.67 hour and then de-

creases until 2095.  While the duration at Sylt increases only in the period 2092-2095 with the 

highest value of 0.7 hour in 2095 (Figure 5.18(a)).  

Figure 5.18(b) shows that for both sites the climate change signals of the frequency for ex-

treme wind events have an inverse relation with the duration signals in Figure 5.18(a).  The 

climate change signals of extreme wind frequency at Cuxhaven and Sylt are not significant. 

The highest frequency at Cuxhaven reaches a maximum value of 1 event/year in 2080, while 

for Sylt only 0.66 event/year is reached in 2082.  
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Figure 5.16: Temporal variations of the differences in frequencies for the strong westerly winds (165
o
-345

o
 and 

≥17.2 m/s) between the 10-year running averages of annual frequencies in the end of 21
st
 century 

(2070-2100) and the average of control annual frequencies in the last 30 years of the 20
st
 century 

(1970-2000) at Cuxhaven (a) and Sylt (b). 
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Figure 5.17: Time series of extreme wind duration (wind speed > annual 99% percentile) at Cuxhaven and Sylt 

under hindcast meteorological conditions 1991-2000 (a) with bias signal under control conditions 

1991-2000 as deviations compared to hindcast mean (b). Shaded areas between blue or red dashed 

lines correspond to the 95 % confidence interval for the hindcast mean based on bootstrapping at Cux-

haven or Sylt, respectively. 
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Figure 5.18: Climate change signals for 10-year running averages of extreme wind (wind speed > annual 99% 

percentile) duration (a) and frequency (b) under future realization 2070-2100 as deviations compared 

to control mean at Cuxhaven and Sylt. Shaded areas between blue or red dashed lines correspond to 

the 95 % confidence interval for the hindcast mean based on bootstrapping at Cuxhaven or Sylt, re-

spectively. 

(a) 

(b) 
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(b) Preparation of boundary conditions for the North Sea mesh in TELEMAC2D be-

tween 2070 and 2100 (step 2 to 4 in Figure 5.11) 

Tide in the North Sea constitutes one of the main effective components for extreme storm-tide 

generation. The maximum tide effect in the time period 1991-2007 reaches 27.5% from the 

(η
all

)max at Cuxhaven and 22.84% from the (η
all

)max at Sylt (see Figure 4.22). Therefore, the 

tidal level at each node of the northern and western open-sea boundaries for the North Sea 

model (Figure 3.8) between 2070 and 2100 are predicted based on the harmonic tidal constit-

uents of 2006. These tidal constituents were analyzed using the “Tidal Analysis Toolbox” for 

control and hindcast surge-tide simulations (see section 5.1.1(b)).  

Storm surge in the North Sea is expected to have its highest increase due to climate change 

(2070-2100) in the German Bight (Woth, 2006; Gaslikova et al., 2013). The influence of At-

lantic external surges is important for the accurate prediction of surge-tide in the future simu-

lations (2070-2100) under A1B_2 meteorological conditions. Therefore, the external surges in 

the future simulations are predicted using the two developed NARX models for Wick and 

Lerwick (Tayel & Oumeraci, 2012b). The external surge at Wick (north-west boundary) or 

Lerwick (north boundary) is added linearly to the tidal level at each node of the northern open 

sea boundary (see Figure 3.8) for the future realization of surge-tide.  

The maximum contribution of river discharge ((η
rd

)max) at Sylt and Cuxhaven is not more than 

1% and without any noticeable effect on the results of the hindcast surge-tide simulations (see 

section 4.3.4). Especially the effect of river discharge is approximately zero during low dis-

charge values. Therefore, future surge-tide simulations in the North Sea could be predicted 

without being affected noticeably by uncertainties in the prediction of river discharges 

(Q<3620 m
3
/s). The two main rivers in southern of the North Sea area are Weser and Elbe 

with larger river discharges than Ems and Westerschelde (see Figure 3.8). The Elbe has a 

long-term average discharge of 856 m
3
/s, while the Weser is 327 m

3
/s in 1970-2000. These 

two average values of the southern rivers discharges are used as boundary conditions in the 

future surge-tide simulations.  

(c) Processing future surge-tide simulations (steps 5 to 9 in Figure 5.11) 

In the prospect of changing surge-tide statistics due to anthropogenic climate change, these 

changes are anlysed for the North Sea based on numerical modelling using TELEMAC2D. 

The analysis is carried out by using a 30-year atmospheric regional simulation which may 

represent the present-day reference (“control conditions”) and possible future-enhanced 

greenhouse gas conditions (“future conditions”). Because of the deviations between hindcast 

and control simulations (see section 5.1.1(c)) in the meteorological conditions as well as the 

surge-tide simulations, the differences between future scenario and control climate projections 

are interpreted as a relative shift from present-day reference statistics in response to the ap-

plied emission scenario. By doing so, it is assumed that the systematic errors (bias) generated 

by control and scenario simulations are equal, since they are generated by the same 

GCMs/RCMs in both simulations. This assumption is inherent in all climate change studies 
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and represents the best possible option so far (Woth, 2006; Gaslikova et al., 2013).The re-

search strategy is to compare surge-tide predictions under meteorological simulations of re-

gional model CLM driven by the global control (C20_2) and climate change (A1B_2) simula-

tions. Both control and future conditions, which are representative for 1970-2000 and 2070-

2100, respectively, were based on the observed GHG and aerosol loading during 20
th

 century 

and on the IPCC A1B SRES scenario, respectively (see Table 5.1). Thus, the future surge-tide 

simulation, which is predicted over the North Sea model (see Figure 3.8) by TELEMAC2D, is 

forced simultaneously on the lateral boundaries (see section 5.1.2(b)) with the predicted astro-

nomical tidal dynamics (northern and western boundaries), predicted external surges at Wick 

and Lerwick (northern boundary) and average rivers discharges (southern boundary). For the 

future simulation presented here, the same mesh configuration of hindcast and control simula-

tions is used (see section 5.1.1(c)). The resulting surge-tide of future simulations include the 

interactions of storm surges with the tides by TELEMAC2D under future conditions 

((η
su-t TEL

)A1B_2). The state-variables (free surface elevation, water depth and depth averaged 

velocity) are stored every hour for all “wet” grid points of the model domain. The first 10 

days simulation was discarded to account for potential spin-up effect. 

Basically, the climate change signal for surge-tide heights are examined as the difference be-

tween future simulation under A1B_2 realization (2070-2100) and control simulation, which 

is supposed to be representative for the period 1970-2000. This is performed in the following 

nine steps:  

1. Extract the annual upper percentiles of control simulation under C20_2 realization, 

which are predicted in stage 1, step 3 (Figure 5.2), (99.5 percentile (𝑃C20_2
𝑥n (99.5)) and 

maximum surge-tide (𝑃C20_2
𝑥n (100)), for n years from 1970 to 2000 at every mesh point 

x in the North Sea model (Figure 3.8). 

2. Drive the North Sea model in TELEMAC2D to predict the surge-tide under future me-

teorological condition (η
su-t TEL

)A1B_2. 

3. Extract the annual upper percentiles of future simulation under A1B_2 realization 

(99.5 percentile (𝑃A1B_2
𝑥n (99.5)) and maximum surge-tide (𝑃A1B_2

𝑥n (100)), for n years 

from 2070 to 2100 at every mesh point x in the North Sea model (Figure 3.8). 

4. Calculate the mean of annual upper percentiles either over 1970-2000 for control sim-

ulation (𝑃𝐶20_2
𝑥 (99.5) and 𝑃𝐶20_2

𝑥 (100)) or over 2070-2100 for future simulation 

(𝑃𝐴1𝐵_2
𝑥 (99.5) and 𝑃𝐴1𝐵_2

𝑥 (100)) at every mesh point x. 

5. Calculate the climate change signals for upper percentiles (𝑥(99.5) and 𝑥(100)) as 

the difference between the mean of future simulation and the corresponding mean of 

control simulation according to Eq. (5.5) and (5.6), respectively. 

6. Compare the climate change signals x(99.5) and x(100) with the corresponding 

confidence intervals CIx(99.5) and CIx(100) (calculated in stage 1, step 7 

(Figure 5.2)) to identify the significant changes in future surge-tide climate for every 

mesh point x in the North Sea model. 
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7. Extract the average duration and number of extreme surge-tide events in future simula-

tion (2070-2100), which have a period covering one or more hourly intervals and ex-

ceeding the 99.5
th

 percentile, over the North Sea (𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) and 𝑓𝐴1𝐵_2

𝑥 (≥ 99.5), 

respectively). 

8. Calculate the climate change signal of the mean duration or frequency for extreme 

surge-tide events (𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) or 𝑓𝐴1𝐵_2

𝑥 (≥ 99.5),respectively), which is de-

fined as the difference between the mean value 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) or 𝑓𝐴1𝐵_2

𝑥 (≥

99.5),respectively, in the future simulation (A1B_2) and the corresponding mean val-

ue 𝑑𝐶20_2
𝑥 (≥ 99.5) or 𝑓𝐶20_2

𝑥 (≥ 99.5),respectively, in the control simulation (C20_2) 

i.e.: 

 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) =  𝑑𝐴1𝐵_2

𝑥 (≥ 99.5) − 𝑑𝐶20_2
𝑥 (≥ 99.5) (5.7) 

 𝑓𝐴1𝐵_2
𝑥 (≥ 99.5) =  𝑓𝐴1𝐵_2

𝑥 (≥ 99.5) − 𝑓𝐶20_2
𝑥 (≥ 99.5) (5.8) 

9. Compare the climate change signals 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) and 𝑓𝐴1𝐵_2

𝑥 (≥ 99.5) with the 

corresponding confidence intervals 𝐶𝐼𝑑
𝑥(≥ 99.5) and 𝐶𝐼𝑓

𝑥(≥ 99.5), respectively, 

which are based on hindcast simulation (see section 5.1.1(c)), in order to identify the 

significant changes in future surge-tide climate for every mesh point x in the North Sea 

model. 

The climate change signals for upper percentiles of surge-tide 𝑥(99.5) and 𝑥(100) are pre-

sented in Figure 5.19(a) and Figure 5.20(a), respectively. The result of future climate realiza-

tion is shown as the difference between mean annual 99.5 or 100 percentiles for surge-tide 

under the future (2070-2100) and the reference (1970-2000) climate. Generally, there is a 

gradual increase in the climate change signals of future simulation for the upper percentiles 

from the middle of North Sea toward the Elbe estuary at the end of the 21
st
 century. The max-

imum increase in surge-tide extremes occurs in the German Bight. For 𝑥(99.5) and 

𝑥(100), the maximum increase reaches values of  0.16 m and 0.23 m, respectively, which 

are about 6.4% and 6.6% increase as compared to the maximum reference (control) simulation 

values. The lowest decrease of surge-tide extremes are generally found in the middle of North 

Sea and along the UK east coast. The decrease of 𝑥(99.5) ranges from -0.04 m to -0.07 

along the UK east coast and from -0.07 m to -0.15 in the middle of the North Sea. This corre-

sponds to the general pattern of the storm surge height distribution, since the lowest storm 

surge extremes are generally found along the UK coast and then it increase eastward along the 

10-m depth line with highest values obtained in the German Bight (Woth, 2006). Furthermore, 

it can be seen that the increase of surge-tide extremes is more pronounced for the eastern 

German Bight (North Frisian Islands coasts) and the Danish coasts than for the southern Ger-

man Bight (East Frisian Islands coasts) and the Netherlands coasts. For 𝑥(99.5), the increase 

ranges from 0.12 m to 0.16 m in the North Frisian Islands, while it ranges from 0.08 m to 0.11 

m in the East Frisian Islands. The results are consistent with the 99.5
th

 storm surge percentile 
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studied by Woth (2006) within the German Bight along the 10-m bathymetry line, in which it 

is increased significantly in all scenario simulations (A2 scenario regionalized with 4 different 

RCMs) by 20–30 cm with highest values in the North Frisian coast. This can be related to the 

increasing of westerly winds during storms and their increased duration and frequency in the 

future climate realization (Figure 5.15 and Figure 5.16). The increase of westerly winds fre-

quency during the second half of 21
st
 century in the North Frisian Islands reaches values from 

4 to 38 hour/year, while it ranges from 9 to 35 hour/year in the East Frisian Islands. Mean-

while, the duration of extreme wind events in the North Frisian Islands have positive increase 

in the period 2092-2095 with highest increase occurs in 2095 of 0.7 hour, while it decreases in 

the East Frisian Islands.  

The climate change signals for the upper percentiles of surge-tide are tested to examine 

whether the signals merely reflect natural variations or are rather related to the effect of a 

changing climate. Therefore, a series of null hypotheses (Eq. (5.9)) is tested for each mesh 

point x in the North Sea model (Figure 4.37). 

 𝐻𝑜: 𝑃𝐴1𝐵_2
𝑥 (99.5) = 𝑃𝐶20_2

𝑥 (99.5)  𝑓𝑜𝑟 99.5 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 

𝐻𝑜: 𝑃𝐴1𝐵_2
𝑥 (100) = 𝑃𝐶20_2

𝑥 (100)  𝑓𝑜𝑟 100 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 
(5.9) 

For this purpose, the 95% confidence interval is determined based on the Student t distribu-

tion for the upper percentiles from the hindcast simulation 1970-2000 (see Figure 5.7). There-

fore, for each mesh point x, it is tested whether the climate change signals (x(99.5) and 

x(100)) lie in the confidence intervals (CIx(99.5) and CIx(100) with zero mean, respective-

ly) or not (reject the null hypothesis). In the latter case, the signals will not reflect natural var-

iations and they are related to the changing forcing by future meteorological conditions. The 

major and only statistically significant (95 %-level) signals x(99.5) and x(100) are shown 

in Figure 5.19(b) and Figure 5.20(b), respectively. The x(99.5) signal is only statistically 

significant (based on a Student’s t test, 95 %-level) for values more than 0.05 m or less than    

-0.04 m, while the x(100) signal is more than 0.08 m or less than -0.07 m. Therefore, it can 

be seen that the increase of the surge-tide extremes due to climate change is significant for the 

German Bight and Netherlands coasts. The decrease is significant for the middle of the North 

Sea and along the UK east coast. 
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Figure 5.19: Climate change signal of the 99.5 percentile surge-tide (𝑥(99.5)) in meter as the difference be-

tween the 30-year mean of annual values in the future simulation (A1B_2; 2070-2100) and the corre-

sponding mean value in the control simulation (C20_2; 1970-2000) (a). Shaded areas show significant 

differences on a 95% level based on a Student’s t test (b). 
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Figure 5.20: Climate change signal of the maximum surge-tide (𝑥(100)) in meter as the difference between the 

30-year mean of annual values in the future simulation (A1B_2; 2070-2100) and the corresponding 

mean value in the control simulation (C20_2; 1970-2000) (a). Shaded areas show significant differ-

ences on a 95% level based on a Student’s t test (b). 
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Climate change signals for the mean duration and frequency of extreme surge-tide events over 

the North Sea (𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) and 𝑓𝐴1𝐵_2

𝑥 (≥ 99.5), respectively) along with their statisti-

cally significant (95 %-level) values are presented in Figure 5.21 and Figure 5.22, respective-

ly. Therefore, a series of null hypotheses (Eq. (5.10)) is tested for each mesh point x in the 

North Sea model to determine whether 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) and 𝑓𝐴1𝐵_2

𝑥 (≥ 99.5) lie in their nat-

ural confidence intervals (𝐶𝐼𝑑
𝑥(≥ 99.5) and 𝐶𝐼𝑓

𝑥(≥ 99.5) with zero mean, respectively) or not 

(reject the null hypothesis).  

 𝐻𝑜: 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) = 𝑑𝐶20_2

𝑥 (≥ 99.5)  𝑓𝑜𝑟 𝑒𝑥𝑡𝑟𝑒𝑚𝑒 𝑒𝑣𝑒𝑛𝑡𝑠 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 

𝐻𝑜: 𝑓𝐴1𝐵_2
𝑥 (≥ 99.5) = 𝑓𝐶20_2

𝑥 (≥ 99.5)  𝑓𝑜𝑟 𝑒𝑥𝑡𝑟𝑒𝑚𝑒 𝑒𝑣𝑒𝑛𝑡𝑠 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
(5.10) 

The mean duration of extreme surge-tide events increases due to climate change along the 

continental Southern North Sea coast up to the west coast of Denmark (significantly different 

from zero at the 95% confidence level), while it decreases along the UK east coast and in the 

middle of North Sea. The 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) is only statistically significant for values of more 

than 0.20 hour or less than -0.10 hour (see Figure 5.21(b)). The highest increase of 𝑑𝐴1𝐵_2
𝑥 (≥

99.5) occurs around the middle amphidromic point in the German Bight with a value of about 

1.2 hour, which reflects the strong effect of tide interaction with storm surge. The mean fre-

quency of extreme surge-tide events (Figure 5.22(b)) shows a statistically significant decrease 

due to climate change along the east coast of UK through southern North Sea coast up to west 

coast of Denmark, while the changes in the middle and northern North Sea are not significant-

ly different from zero. Despite of that the mean number of extreme storm surge eveis nts in-

creased by about two event/year along the continental Southern North Sea coast up to about 

Esbjerg in the period 2071-2100 compared to 1961-1990 (Woth, 2006), while the frequency 

of extreme surge-tide is decreased. This is due to the interaction of tide and external surge 

with internal storm surge. The 𝑓𝐴1𝐵_2
𝑥 (≥ 99.5) is only statistically significant above a value 

of 1.3 events/year or less than -0.4 event/year (see Figure 5.22(b)). 
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Figure 5.21: Climate change signal of the duration for extreme surge-tide events (𝑑𝐴1𝐵_2
𝑥 (≥ 99.5)) as the dif-

ference between the 30-year mean of annual extreme events duration in the future simulation (A1B_2; 

2070-2100) and the corresponding mean value in the control simulation (C20_2; 1970-2000) (a). 

Shaded areas show significant differences on a 95% level based on a Student’s t test (b). 

(a) 

(duration in hour) 

(b) 

(duration in hour) 



 
Extreme storm-tide in the 21st century under the projected climatic change 

for the German Bight 194 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22: Climate change signal of the frequency for extreme surge-tide events (𝑓𝐴1𝐵_2
𝑥 (≥ 99.5)) as the dif-

ference between the 30-year mean of annual extreme events frequency in the future simulation 

(A1B_2; 2070-2100) and the corresponding mean value in the control simulation (C20_2; 1970-2000) 

(a). Shaded areas show significant differences on a 95% level based on a Student’s t test (b). 
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(event/year) 
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(event/year) 
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The changes of the mean 99 percentile wind speed regionalized by the ECHAM5-

MPIOM/CLM models under the A1B scenario represent the ensemble mean of all other future 

scenarios and preserve a good processes representation scale. Therefore, the change in surge-

tide statistics over the North Sea due to anthropogenic climate change is carried out by using 

30-year atmospheric regional simulation representing possible future-enhanced greenhouse 

gas conditions under the A1B scenario (“future conditions”). The climate change signals for 

upper percentiles of surge-tide 𝑥(99.5) and 𝑥(100) have gradual increase from the middle 

of the North Sea toward the Elbe estuary at the end of 21
st
 century. The maximum increase in 

the surge-tide extremes of the North Sea occurs in the German Bight. For 𝑥(99.5) and 

𝑥(100), the maximum increase reaches values of  0.16 m and 0.23 m, respectively, which 

respectively corresponds to an increase of ca.  6.4% and 6.6% as compared to the maximum 

reference (control) simulation values. The x(99.5) is only statistically significant (based on a 

Student’s t test, 95 %-level) for values more than 0.05 m or less than -0.04 m, while the 

x(100) is above 0.08 m or less than -0.07 m. Therefore, the increase of surge-tide extremes 

due to climate change is significant for the German Bight and Netherlands coasts, while the 

decrease is significant for the middle of the North Sea and along the UK east coast. The de-

crease of 𝑥(99.5) ranges from -0.04 m to -0.07 along the UK east coast and from -0.07 m to 

-0.15 in the middle of the North Sea. Furthermore, it can be seen that the increase of surge-

tide extremes is more pronounced for the eastern German Bight (North Frisian Islands) and 

the Danish coasts than for the southern German Bight (East Frisian Islands) and the Nether-

lands coasts. For 𝑥(99.5), the increase ranges from 0.12 m to 0.16 m in the North Frisian 

Islands, while it ranges from 0.08 m to 0.11 m in the East Frisian Islands. The results are con-

sistent with the 99.5
th

 storm surge percentile studied by Woth (2006) within the German Bight 

along the 10-m bathymetry line, in which it is increased significantly in all scenario simula-

tions (A2 scenario regionalized with 4 different RCMs) by 20–30 cm with highest values in 

the North Frisian coast. This can be related to the increase of westerly winds frequency during 

storms (Figure 5.15 and Figure 5.16), and their increased duration (Figure 5.18) in the future 

climate realization. The temporal characteristics of the duration and those of the frequency of 

extreme wind events in the context of climate change in the North and East Frisian coasts re-

quire the increase of security limits for the design, constructions and operations of marine 

structures and facilities. 

The mean duration of extreme surge-tide events increases due to climate change along the 

continental Southern North Sea coast up to the west coast of Denmark (significantly different 

from zero at the 95%-level), while it decreases along the UK east coast and in the middle of 

the North Sea. The 𝑑𝐴1𝐵_2
𝑥 (≥ 99.5) is only statistically significant for values of more than 

0.20 hour or less than -0.10 hour. The mean frequency of extreme surge-tide shows statistical-

ly significant decrease due to climate change along the continental western North Sea coast 

through the southern coast up to west coast of Denmark, while changes are not significantly 

different from zero in the middle and northern North Sea. In general, the surge-tide climate 

change signals toward the end of the twenty-first century (2070–2100) are comparable to 

those from storm surge (under A2 scenario) over the North Sea except for frequency of ex-

treme events, which are studied by (Woth, 2006). This is due to the interaction of tide and 
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external surge with internal storm surge. A stand-alone increase in the frequency of extreme 

events would be less relevant for many coastal facilities, but an increase in duration and mag-

nitude of extreme events could stretch their security limits.  

In this study, the effect of one emission scenario (A1B) regionalized by the ECHAM5-

MPIOM/CLM models on surge-tide over the North Sea was examined. The use of different 

emission scenarios and/or global circulation models may have a larger effect on changes of 

surge-tide statistics. There might be a considerable variability in the response of the extra 

tropical atmospheric circulation in dependence on the used GCM and in dependence on the 

chosen greenhouse gas emission scenario. Dealing with such uncertainties will represent a 

major challenge for climate impact studies in the future. 

5.2 Future storm-tide prediction for Cuxhaven and Sylt using the new hy-

brid modelling approach 

The prediction of future surge-tides under A1B_2 realization (see section 5.1.2) provided the 

spatial distributions of the climate change signals over the North Sea, together with the signs 

of the changes. These signals have the highest increase of surge-tide in the German Bight 

coasts for 2070-2100 compared with 1970-2000. The coastal zones of the German Bight are 

facing a significant potential increase in storm-tide statistics due to anthropogenic climate 

change which may differ from the northern to the western locations of the North Sea. There-

fore, a localization of storm-tide projections (see Figure 5.1) at specific coastal sites is re-

quired. Natural storm-tides adapt to the constituents induced by stochastic events such as 

storm surges, external surges and wave-set up, which are superimposed nonlinearly on the 

periodic phenomena of tides (see Figure 4.20). So the increase in storm-tide due to climate 

change for the two pilot sites in the German Bight (Cuxhaven and Sylt) will be assessed using 

the new hybrid modelling approach which combines hydrodynamic modelling (TELEM-

AC2D) and Artificial Neural Networks (NARX) (see section 4.2.6 and Figure 4.15), The ca-

pability of this hybrid approach to consider the nonlinear nature of extreme storm-tide was 

demonstrated in section 4.3. Moreover, the rising of the mean sea level is of major concerns in 

the context of a changing climate, which can linearly superimposed on the predicted storm-

tide as the water depth is more than 10 m at both considered pilot sites, Cuxhaven and Sylt.   

The main objective of Section 5.2 is to analyse the climate change signals for extreme storm-

tide events at Cuxhaven and Sylt. These signals represent the difference between future storm-

tide simulation under A1B_2 realization (2070-2100) and control simulation 1991-2000 in 

addition to the mean sea level rise, The analysis is performed in the following eight steps (see 

Figure 5.23): 

1. Extract the hourly predicted surge-tide and significant wave height timed series at 

Cuxhaven and Sylt under hindcast (1991-2000), control (1991-2000) and future (2070-

2100) meteorological conditions.  

2. Prescribe the responsible forcing for the generation of all extreme storm-tide compo-

nents at each site (sea level pressure, meridional and zonal wind speed components, 
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predicted tides, predicted external surge at Wick and mean Elbe river discharge) along 

with surge-tide and significant wave height time series as “inputs” to the developed 

Ensemble fitting Networks (EFN) (see section 4.2.6 and Figure 4.15) in order to pre-

dict the storm-tide under hindcast, control and future meteorological conditions. 

3. Calculate the annual percentiles of storm-tide (from zero to 100 percentiles) at Cuxha-

ven and Sylt over 1991–2000 from the hindcast and control simulations in order to test 

how close is the storm-tide statistics from the control simulation is to the hindcast 

storm-tide at each site. 

4. Calculate the confidence intervals for the hindcast upper percentiles over 1991-2000 

((CIsx(99.5) and CIsx(100)), where x is either Cuxhaven or Sylt with a statistical sig-

nificance level of 95% using bootstrapping. 

5. Calculate the mean of annual upper percentiles either over 1991-2000 for control 

storm-tide simulation (PsC20_2
x (99.5) and PsC20_2

x (100)), where x is either Cuxhaven 

or Sylt) or over 2070-2100 for future simulation (PsA1B_2
x (99.5) and PsA1B_2

x (100)). 

6. Calculate the climate change signals for upper percentiles (sx(99.5) and sx(100)), 

where x is either Cuxhaven or Sylt) as the difference between the mean of future simu-

lation and the corresponding mean of control simulation according to Eq. (5.11) and 

(5.12), respectively. 

 𝑠𝑥(99.5) =  𝑃𝑠𝐴1𝐵_2
𝑥 (99.5) − 𝑃𝑠𝐶20_2

𝑥 (99.5) (5.11) 

 𝑠𝑥(100) =  𝑃𝑠𝐴1𝐵_2
𝑥 (100) − 𝑃𝑠𝐶20_2

𝑥 (100) (5.12) 

7. Compare the climate change signals sx(99.5) and sx(100) with the corresponding 

confidence intervals CIsx(99.5) and CIsx(100) in step 4 to identify the significant 

changes in future storm-tide climate at each site. 

8. Estimate the extreme effects of future climate change and sea level rise on storm-tide 

at Cuxhaven and Sylt. 

 

(a) Meteorological data preparation and application for the hybrid model (2070-2100) 

(steps 1 and 2 in Figure 5.23) 

The input deck of the developed hybrid models at Cuxhaven and Sylt ( Figure 4.15) consists 

essentially of four different storm-tide prediction results from the best three NARX Type-A 

models and the best NARX Type-B model (see Table 4.4 and Table 4.5) at the time of predic-

tion. In addition, the input deck contains the time lagged meteorological forces (sea level 

pressure (SLP), zonal and meridional wind speed components) for Cuxhaven (time lag=18 

hours) or Sylt (time lag=16 hours).  
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Figure 5.23: Prediction of the future storm-tide change signals (2070-2100) for Cuxhaven and Sylt relative to 

control simulation (1991-2000). 

The input deck for the hybrid models is prepared in the following two steps: 

1. The hourly wind speed components and SLP data at Cuxhaven and Sylt for hindcast 

and control simulations of storm-tide (1991-2000) are extracted from the metrological 

forces fields over the North Sea prepared in section 5.1.1(a), while they are extracted 
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for future simulation (2070-2100) from the metrological forces fields over the North 

Sea prepared in section 5.1.1(a). 

2. Prediction of the storm-tide by the best three NARX Type-A models and the best 

NARX Type-B model. The input deck of the two NARX models types (see Table 4.2) 

consists of the metrological forces in step 1 at both sites in addition to the hourly pre-

dicted surge-tide, tide, external surge at wick, Elbe mean discharge (856 m
3
/s for Cux-

haven only) and significant wave height timed series at Cuxhaven and Sylt, which are 

extracted from surge-tide simulations under hindcast, control (in section 5.1.1(a,c)) 

and future (in section 5.1.1(a,c)) meteorological conditions.  

 

(b) Processing hindcast, control and future storm-tide results at Cuxhaven and Sylt 

(steps 3 to 7 in Figure 5.23) 

The annual upper percentiles of storm-tide (PsS
xn(99.5) and PsS

xn(100), where x is either 

Cuxhaven or Sylt under S the hindcast (H20), control (C20_2) and Future (A1B_2) condi-

tions) have been averaged using 10-year time slices (where n are 1991-2000 (H20 and C20_2) 

and 2070-2100(A1B_2)). The upper percentiles time series of (PsH20
xn (99.5) and PsH20

xn (100) 

under hindcast conditions (see Figure 5.24(a) and Figure 5.25(a)) confirm the higher levels of 

storm-tide at Cuxhaven than Sylt shown before (see Figure 4.22). The mean of  PsH20
xn (99.5) 

and PsH20
xn (100) at Cuxhaven (step 4 in Figure 5.23), which is about 2.26 m to 2.46 m and 

3.27m to 3.72 m, respectively, are higher than those at Sylt of 1.69 to 1.88 m and 2.4 to 2.90 

m, respectively. Moreover, the PsH20
xn (100) at Sylt has its highest increase in year 1999 of 

3.17 m, which follows the highest duration of extreme wind events by 8.70 hours (see 

Figure 5.17). It also has to be pointed out that the highest PsH20
xn (100) at Cuxhaven occurs in 

year 1999 with 4.0 m due to moderate duration and frequency of extreme wind events. 

Figure 5.24(b) and Figure 5.25(b) display the control bias signals at Cuxhaven and Sylt, re-

spectively, as the annual difference of control storm-tide from the hindcast mean. Under the 

control climate at both sites, the PsC20_2
xn (99.5) and PsC20_2

xn (100) are generally underestimat-

ed except in year 1997. Moreover, the bias signals are significantly different than 𝐶𝐼𝑠𝑥(99.5) 

and 𝐶𝐼𝑠𝑥(100) under the hindcast conditions, which is mainly due to systematic errors of 

global climate models in their meteorological results of the present climate. So future storm-

tide statistics is subtracted from control mean assuming that these runs are producing the same 

biases and the statistically significant differences are interpreted as the response of the applied 

emission scenario realization (A1B_2). 
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Figure 5.24: Time series of annual storm-tide upper percentiles (99.5% and 100% percentiles) at Cuxhaven under 

hindcast meteorological conditions 1991-2000 (a) with bias signal under control conditions 1991-2000 

as annual difference from the hindcast mean (b) as well as the climate change signal for 10-year run-

ning average under future realization 2070-2100 as difference from control mean(c). Shaded areas be-

tween blue or red dashed lines correspond to the 95 % confidence interval for the hindcast mean based 

on bootstrapping of 99.5% and 100% percentiles, respectively. 
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Figure 5.25: Time series of annual storm-tide upper percentiles (99.5% and 100% percentiles) at Sylt under 

hindcast meteorological conditions 1991-2000 (a) with bias signal under control conditions 1991-2000 

as annual difference from the hindcast mean (b) as well as the climate change signal for 10-year run-

ning average under future realization 2070-2100 as difference from control mean(c). Shaded areas be-

tween blue or red dashed lines correspond to the 95 % confidence interval for the hindcast mean based 

on bootstrapping of 99.5% and 100% percentiles, respectively. 
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Figure 5.24(c) and Figure 5.25(c) (steps 5 to7 in Figure 5.23) show the climate change signals 

of upper percentiles for storm-tide (sx(99.5) and sx(100), respectively) at Cuxhaven and 

Sylt, as the difference of 10-year running average of annual future storm-tide from the control 

mean, as well as the corresponding 95 % confidence interval defined with a bootstrapping 

method based on annual upper percentiles under hindcast conditions. These signals show a 

significant increase in sx(99.5) at both sites from 2080 to end of 21
st
 century for values ≥ 8 

cm at Cuxhaven and ≥ 10 cm at Sylt. While it is significant for sx(100) at Cuxhaven and 

Sylt from 2083 and 2086, respectively, with values ≥ 22 cm at both sites. Furthermore, the 

increase of sx(99.5) and sx(100) are stronger at Sylt than their values at Cuxhaven. The 

highest increase of sx(99.5) and sx(100) at Sylt occur in year 2092 with 22 cm and 66 

cm, respectively, while they occur at Cuxhaven in year 2087 with 17 cm and 2091 with 54 

cm, respectively. Moreover, the increase of sx(99.5) at both sites shifts up the 99% percen-

tile of storm-tide completely outside of 𝐶𝐼𝑠𝑥(99.5) but still in the range of 𝐶𝐼𝑠𝑥(100), which 

results in slight increase of extreme storm-tide frequency under future conditions but is not 

significant (see Figure 5.26 (b)). 

The severity of storm-tide depends primarily on wind speed, wind direction and duration. 

Therefore, its temporal variations are directly related to the combination of local wind speed, 

direction or duration. The climate change signal of storm-tide at Cuxhaven (see Fig-

ure 5.24(c)) is partly related to respective changes in the frequency of extreme wind events, 

meanwhile it is affected to moderate extend by changes in the duration and speed of extreme 

wind in these events (see Figure 5.18). For example, the highest increase of sCux(99.5) oc-

curs in 2087 of 17 cm, which is related to the significant increase of wind speed (see 

Figure 5.14) in addition to its moderate increase of frequency and duration (see Figure 5.16 

and Figure 5.18, respectively).While at Sylt it is mainly related to the changes in duration of 

extreme wind events but not their frequencies. The slight increase of extreme wind duration at 

Sylt in the period 2075-2078 results in significant increase of sSylt(100) despite the respec-

tive decrease of wind speed and its frequency (see Figure 5.14 and Figure 5.18, respectively).  

The average duration and the frequency of extreme storm-tide events under future climate at 

Cuxhaven and Sylt (see Figure 5.26), which are ≥ 99.5
th

 annual percentile, are determined by 

the following 3 steps. Since the temporal characteristics of such events are important parame-

ters in the context of coastal protection. 

1. extract the average duration and number of extreme storm-tide events in future simula-

tion (2070-2100), which have a period covering one or more hourly intervals and ex-

ceeding the 99.5
th

 percentile at Cuxhaven and Sylt (𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) and 𝑓𝑠𝐴1𝐵_2

𝑥 (≥

99.5), respectively, where x is either Cuxhaven or Sylt). 

2. Calculate the climate change signal of mean duration or frequency for extreme storm-

tide events (𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) or 𝑓𝑠𝐴1𝐵_2

𝑥 (≥ 99.5),respectively), which is defined as 

the difference between the mean value 𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) or 𝑓𝑠𝐴1𝐵_2

𝑥 (≥

99.5),respectively, in the future simulation (A1B_2) and the corresponding mean val-

ue 𝑑𝑠𝐶20_2
𝑥 (≥ 99.5) or 𝑓𝑠𝐶20_2

𝑥 (≥ 99.5),respectively, in the control simulation 

(C20_2) i.e.: 
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 𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) =  𝑑𝑠𝐴1𝐵_2

𝑥 (≥ 99.5) − 𝑑𝑠𝐶20_2
𝑥 (≥ 99.5) (5.13) 

 𝑓𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) =  𝑓𝑠𝐴1𝐵_2

𝑥 (≥ 99.5) − 𝑓𝑠𝐶20_2
𝑥 (≥ 99.5) (5.14) 

3. Compare the climate change signals dsA1B_2
x (≥ 99.5) and fsA1B_2

x (≥ 99.5) with the 

corresponding confidence intervals CIsd
x(≥ 99.5) and CIsf

x(≥ 99.5), respectively, 

which are based on hindcast simulation, to identify the significant changes in future 

surge-tide climate at both sites. So a test of the null hypotheses (Eq. (5.15)) are per-

formed to determine if 𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) and 𝑓𝑠𝐴1𝐵_2

𝑥 (≥ 99.5) lie in their natural 

confidence intervals (𝐶𝐼𝑠𝑑
𝑥(≥ 99.5) and 𝐶𝐼𝑠𝑓

𝑥(≥ 99.5) with zero mean, respectively, 

or not (reject the null hypothesis). 

 𝐻𝑜: 𝑑𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) = 𝑑𝑠𝐶20_2

𝑥 (≥ 99.5)  𝑓𝑜𝑟 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 

𝐻𝑜: 𝑓𝑠𝐴1𝐵_2
𝑥 (≥ 99.5) = 𝑓𝑠𝐶20_2

𝑥 (≥ 99.5)  𝑓𝑜𝑟  𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
(5.15) 

The mean duration of extreme storm-tide events increases due to climate change significantly 

at Sylt (dsA1B_2
Sylt (≥ 99.5)) (see Figure 5.26(a)), while it has no significant change at Cuxha-

ven (dsA1B_2
Cux (≥ 99.5)). The dsA1B_2

Sylt (≥ 99.5) is significant above 0.32 hour or less than     

-0.33 hour. The significant increase of dsA1B_2
Sylt (≥ 99.5) occurs in the periods 2075-2077 and 

2092-2095 with the highest value of 0.43 hour in 2094. This can be related mainly to the in-

crease in duration of extreme wind events at Sylt in these periods of the 21
st
 century (see Fig-

ure 5.18). The climate change signals of mean frequency for extreme storm-tide at Cuxhaven 

and Sylt (fsA1B_2
Sylt (≥ 99.5) and fsA1B_2

Cux (≥ 99.5), respectively) are not significant and repre-

sent the natural variability of hindcast mean CIsf
Cux(≥ 99.5) and CIsf

Sylt(≥ 99.5). Moreover, 

The dsA1B_2
Sylt (≥ 99.5) and dsA1B_2

Cux (≥ 99.5) have inverse relation with fsA1B_2
Sylt (≥ 99.5) 

and fsA1B_2
Cux (≥ 99.5), respectively, at both sites. This follows the inverse relation between 

extreme wind events duration and frequency due to climate change (see Figure 5.18 and Ta-

ble 5.3). The highest frequency at Cuxhaven reaches 0.38 event/year in 2075 and gradually 

decreases to the end of 21st century, while it reaches 0.63 event/year at Sylt in 2081 and also 

decreases afterward.  

It has to be mentioned that these patterns for storm-tide upper percentiles are consistent with 

the increase of storm surge between the German Bight and Denmark, where the changes in the 

duration and intensity become more important than their slight increase in the western conti-

nental coast of the North Sea due to more frequent extremes only (Woth, 2006; Gaslikova et 

al., 2013). There is an increase in 99.5
th

 percentile of residual surge height toward the coasts 

of the German Bight. It is higher for the eastern coast (North Frisian Islands), where it reaches 
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in one realization about 10 % of the reference climate storm surge heights, than for the south-

ern coast (East Frisian Islands), where it is less than 8 % (Gaslikova et al., 2013). This is in 

coincidence with the increase in frequency of stronger southwesterly and westerly winds 

(≥17.2 m/s), which enhance the wind-setup toward the east (Gaslikova et al., 2013). The in-

crease in the frequency of extreme events alone would be less relevant for many coastal facili-

ties whereas The increase in duration and magnitude of extreme events could stretch their 

security limits (Woth, 2006). Table 5.3 shows the higher increase of maximum and 99.5
th

 per-

centile of mean annual storm-tide at Sylt, which are 24.44% and 12.29%, respectively relative 

to hindcast means, than their values at Cuxhaven of 14.98% and 4.66%, respectively. This can 

be related mainly to location of the site in addition to the increase in duration of extreme wind 

events at Sylt by 5.74% relative to hindcast mean duration, with very weak effect by 99
th

 per-

centile of wind speed and their frequency. While the location of Cuxhaven results in the dura-

tion and frequency of extreme wind events are less than those at Sylt, in spite of the increase 

of effect by 99
th

 percentile wind speed by 1.15%,.  

In order to be able to make statements about the maximum expected climate change effect on 

storm-tide at Cuxhaven and Sylt, the projections for the Relative Mean Sea Level rise 

(RMSLr) at both sites (step 8 in Figure 5.23), which are based on results by Wahl et al., 

(2010, 2011, 2013) and Mudersbach et al. (2012), are used. According to these results, the 

mean sea level at both sites is expected to increase with approximately 0.20±0.03 m in year 

2092 ([𝑅𝑀𝑆𝐿]𝑚𝑎𝑥) relative to the MSL (1991-2000) of 0.121 m and 0.027 m at Cuxhaven 

and Sylt, respectively. It is assumed that the mean sea level and changing storm-tide are inde-

pendent and may simply be added at Cuxhaven and Sylt as the mean water depth of both sites 

is greater than 10 m (Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; Howard et al., 

2010; Gaslikova et al., 2013). The highest increase of sx(100) at Cuxhaven and Sylt 

([𝑠𝑥(100)]𝑚𝑎𝑥) occur in 2091 and 2092, respectively, when they reach 0.54 m and 0.66 m 

(see Figure 5.24 and Figure 5.25). The highest effect by maximum and 99.5
th

 percentile of 

annual storm-tide are calculated, ([𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥 and [𝑃𝑠𝐴1𝐵_2

𝑥 (99.5)]𝑚𝑎𝑥,  respectively), 

at each of Cuxhaven and Sylt under future realization (A1B_2), including [𝑅𝑀𝑆𝐿]𝑚𝑎𝑥 as fol-

low : 

 [𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥 = 𝑃𝑠𝐻20

𝑥 (100) + [𝑠𝑥(100)]𝑚𝑎𝑥 + [𝑅𝑀𝑆𝐿]𝑚𝑎𝑥 

[𝑃𝑠𝐴1𝐵_2
𝑥 (99.5)]𝑚𝑎𝑥 = 𝑃𝑠𝐻20

𝑥 (99.5) + [𝑠𝑥(99.5)]𝑚𝑎𝑥 + [𝑅𝑀𝑆𝐿]𝑚𝑎𝑥 
(5.16) 

with 𝑃𝑠𝐻20
𝑥 (100) and 𝑃𝑠𝐻20

𝑥 (99.5) are the mean of maximum and 99.5
th

 percentile storm-tide, 

respectively, as simulated in the hindcast (H20;1991-2000) and with x is either Cuxhaven or 

Sylt. The 𝑃𝑠𝐻20
𝑥 (100) and 𝑃𝑠𝐻20

𝑥 (99.5) at Cuxhaven are 3.47 m and 2.36 m, respectively, 

while they are 2.70 m and 1.79 m, at Sylt (see Table 5.3). Therefore, the  [𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥 

and [𝑃𝑠𝐴1𝐵_2
𝑥 (99.5)]𝑚𝑎𝑥 are 4.19 m and 2.67 m, respectively, at Cuxhaven in 2091, while 

they are 3.56 m and 2.21 m at Sylt in 2092. So the [𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥 and 

[𝑃𝑠𝐴1𝐵_2
𝑥 (99.5)]𝑚𝑎𝑥 at Cuxhaven are higher than their counterpart values at Sylt in spite of 

higher rates of subsidence and higher climate change signal of storm-tide at Sylt than those at 
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Cuxhaven. Since the storm surges and tide at Cuxhaven under hindcast and future conditions 

are higher than their counterparts at Sylt, thus resulting in water level with less pronounced 

shoaling effect. 

 

 

Figure 5.26: Climate change signals for 10-year running averages of extreme storm-tide (storm-tide ≥ annual 

99.5
th

 annual percentile) duration (a) and frequency (b) under future realization 2070-2100 as devia-

tions compared to control mean at Cuxhaven and Sylt. Shaded areas between blue or red dashed lines 

correspond to the 95 % confidence interval for the hindcast mean based on bootstrapping at Cuxhaven 

or Sylt, respectively. 
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 Table 5.3: Highest effect by the maximum and 99.5
th

 percentile of mean annual storm-tide at each of Cuxhaven and Sylt under future realization (A1B_2; 2070-2100) with 

their generation forces by 99
th

 percentile of wind speed along with the duration and frequency of extreme events. 

sites 

parameter 

Cuxhaven (2091) Sylt (2092) 

Wind speed 

(99%-tile) 

Maximum 

storm-tide 

Storm-tide 

(99.5%-tile) 

Wind speed 

(99%-tile) 

Maximum 

storm-tide 

Storm-tide 

(99.5%-tile) 

annual mean under hindcast conditions 

(H20;1991-2000) 
17.32 m/s 3.47 m 2.36 m 18.41 m/s 2.70 m 1.79 m 

climate change signal 0.20 m/s 0.52 m 0.11 m 0 m/s 0.66 m 0.22 m 

Percentage of increase in climate change signal 

relative to hindcast mean 
1.15% 14.98% 4.66% 0% 24.44% 12.29% 

mean duration of extreme events* (H20;1991-

2000) 
7.03 hour 3.07 hour 6.79 hour 3.69 hour 

climate change signal of duration 0.67 hour 0.1 hour 0.39 hour 0.35 hour 

Percentage of increase in duration signal relative 

to hindcast mean 
9.53% 3.26% 5.74% 9.49% 

mean frequency of extreme events* (H20;1991-

2000) 
12.63 event/year 12.91 event/year 12.88 event/year 11.57 event/year 

climate change signal of frequency -0.65 event/year -0.07 event/year -0.79 event/year -0.48 event/year 

Percentage of decrease in frequency signal rela-

tive to hindcast mean 
-5.15% -0.54% -6.13% -4.15% 

* extreme events for wind are those events with wind speed ≥ annual 99
th

 percentile and each event covers one or more hourly interval, while for 

storm tide are events with height ≥ annual 99.5
th

 percentile and each event covers one or more hourly interval. 
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The bias signal of annual upper percentiles under the control climate at both sites 

(PsC20_2
xn (99.5) and PsC20_2

xn (100)) are generally underestimated and they are significantly 

different from the range of the natural variability of the results obtained under  hindcast condi-

tions (𝐶𝐼𝑠𝑥(99.5) and 𝐶𝐼𝑠𝑥(100)). This is mainly due to the systematic errors in the simula-

tion results of the present climate obtained by global climate models. Hence, the future storm-

tide statistics is subtracted from the control mean, assuming that these runs generate the same 

biases and that the statistically significant differences are interpreted as the response of the 

applied emission scenario realization (A1B_2). The climate change signals of the upper per-

centiles for storm-tide (sx(99.5) and sx(100)) at both sites show a significant increase 

approximately from 2080 to the end of the 21
st
 century. The highest increase of sx(99.5) 

and sx(100) at Sylt occur in 2092 with 22 cm and 66 cm, respectively, while at Cuxhaven 

respectively in 2087 with 17 cm and 2091 with 54 cm. The mean duration of extreme storm-

tide events increases due to climate change significantly at Sylt (dsA1B_2
Sylt (≥ 99.5)) (see Fig-

ure 5.26(a)), while no significant changes occurs at Cuxhaven (dsA1B_2
Cux (≥ 99.5)). The sig-

nificant increase of dsA1B_2
Sylt (≥ 99.5) occurs in the periods 2075-2077 and 2092-2095 with 

the highest value of 0.43 hour in year 2094. This can be related mainly to the increase in dura-

tion of extreme wind events at Sylt in these 21
st
 century periods (see Figure 5.18). The climate 

change signals of the mean frequency for extreme storm-tide at Cuxhaven (fsA1B_2
Cux (≥

99.5)) and Sylt (fsA1B_2
Sylt (≥ 99.5)) are not significant and within the range of the natural var-

iability of the hindcast mean (CIsf
Cux(≥ 99.5) for Cuxhaven and CIsf

Sylt(≥ 99.5) for Sylt). 

The mean sea level at both sites is expected to increase with approximately 0.20±0.03 m in 

2092 ([𝑅𝑀𝑆𝐿]𝑚𝑎𝑥) relative to the MSL (1991-2000) at Cuxhaven of 0.121 m and Sylt of 

0.027 m. It is assumed that the mean sea level and changing storm-tide are independent and 

may simply be added at Cuxhaven and Sylt as the mean water depth of both sites is greater 

than 10 m (Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; Howard et al., 2010; Gas-

likova et al., 2013). The mean of maximum storm-tide ([𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥 is 4.19 m at Cux-

haven in 2091, while it is 3.56 m at Sylt in 2092. 

5.3 Summary and Concluding Remarks 

The spatial patterns of climate change signals for the 30-year long surge-tide (2070 to 2100, 

future simulation) were predicted relative to the present-day (1970-2000, control simulation). 

The future meteorological forcing was based on the IPPC emission A1B scenario (increase of 

temperature by 2.8
O
C in 2100). The southeastern part of the North Sea (German Bight) shows 

higher and statistically significant increase in future surge-tide signal, while the east coast of 

the UK and the middle of the North Sea are affected by a significant decrease. Similarly the 

future storm surge signals (2071–2100), which is compared to hindcast simulations (1961–

1990), by Woth (2006) and Gaslikova et al. (2013) show an increase in the southeastern North 

Sea and a slight decrease at some parts of the British coast. The climate change signals for the 

upper percentiles of surge-tide (99.5 percentile 𝑥(99.5) and 100 percentile 𝑥(100)) gradu-
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ally increase from the middle of the North Sea toward the Elbe estuary.  The highest increase 

of 𝑥(100) reaches 0.23 m, which is about 6.6% increase as compared to the maximum of 

control simulation. These results are consistent with the climate change signal of 99.5
th

 per-

centile of storm surge studied by Woth (2006) within the German Bight along the 10-m ba-

thymetry line under A2 scenario regionalized with 4 different RCMs, in which the increase 

ranges between 20 cm (the southern coast of German Bight) and 30 cm (the eastern coast of 

German Bight). This can be related to the increase of westerly wind frequency during storms 

(Figure 5.15 and Figure 5.16), and their increased duration (Figure 5.18) in the future climate 

realization. The indicated increase in the height of extreme events would be relevant for the 

design of coastal defenses in the German Bight.   

The climate change signals of upper percentiles for storm-tide (sx(99.5) and sx(100)) at 

Cuxhaven and Sylt show a significant increase approximately from 2080 to the end of the 21
st
 

century. The highest increase of sx(100) at Cuxhaven and Sylt occurs approximately in 

2092 with 54 cm and 66 cm, respectively. The mean duration of extreme storm-tide events 

increases due to climate change significantly at Sylt (dsA1B_2
Sylt (≥ 99.5)) (see Figure 5.26(a)), 

while it does not significantly change at Cuxhaven (dsA1B_2
Cux (≥ 99.5)). The significant in-

crease of dsA1B_2
Sylt (≥ 99.5) occurs in the periods 2075-2077 and 2092-2095 with the highest 

value of 0.43 hour in 2094. This can be related mainly to the increase in duration of extreme 

wind events at Sylt in these periods of the 21
st
 century. The climate change signals of the 

mean frequency for extreme storm-tide at Cuxhaven and Sylt (fsA1B_2
Cux (≥ 99.5) and 

fsA1B_2
Sylt (≥ 99.5), respectively) are not significant and are within the range of the natural 

variability of the hindcast mean (CIsf
Cux(≥ 99.5) and CIsf

Sylt(≥ 99.5)). The future increase in 

frequency of extreme storm-tide events alone, which is not significant, would be less relevant 

for many coastal facilities whereas the increase in duration and/or magnitude of extreme 

events (both are significant) could decrease their safety. 

The highest mean of the annual maximum percentile for storm-tide ([𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥) oc-

curs in 2091 with 4.19 m at Cuxhaven, while it is 3.56 m at Sylt in 2092. These values are 

higher than the maximum of storm-tide ((η
EFN

)max) at both sites in (1991-2007) by 0.19 m (4.8 

%) and 0.54 m (17.9 %), respectively. Furthermore,  the [𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥 at Cuxhaven is 

higher than its counterpart value at Sylt, in spite of the stronger effects of subsidence rate and 

climate change signal on storm-tide at Sylt than those at Cuxhaven. This is due to the higher 

contribution of storm surge and tide components at Cuxhaven than their counterparts at Sylt 

under hindcast and future conditions.  
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6 Summary, concluding remarks and outlook    

The increase in storm-tide level during storms is hardly predictable in space as well as time. In 

fact, it depends on many factors that can be classified in three categories (see Figure 2.15): 

(i) Meteorological (highly stochastic) factors such as wind speed and sea level pressure;  

(ii) Deterministic factors such as astronomical tides and tidal resonance in the North Sea; 

(iii) Local factors in nearshore zones such as local bathymetry and shoreline geometry.  

Moreover, the external surges, generated outside the North Sea and propagating to the Ger-

man Bight, may also noticeably contribute to the observed water level. The contribution of the 

mutual interactions between the various components to the resulting extreme storm-tide level 

is still almost fully unknown as these interactions are generally nonlinear and non-stationary. 

Currently, the nature of these mutual nonlinear interactions and their contribution to the ex-

treme storm-tide cannot yet be solved by conventional hydrodynamic models or statistical 

models alone.   

The current hydrodynamic models  have generally been shown to overestimate the maximum 

water level, and to incorrectly predict the time of its arrival (Higaki et al., 2009)(DERM, 

2009). On other hand, the statistical models require long time series of observed water level 

data (more than 20 years), which is usually not available for all coastal sites, especially in 

developing countries. Furthermore, serious difficulties arise from the unsteadiness of the pro-

cesses involved and from the problems associated with the extrapolation of observations to 

extreme events with an occurrence of 10
-2

-10
-5

 using statistical distributions without any phys-

ical base.  

In many other studies, Artificial Neural Networks (ANNs) have been successfully applied for 

the prediction of water levels, waves and storm surge for short-term periods (e.g. Bajo & 

Umgiesser, 2010; Makarynskyy et al., 2004; Mandal & Prabaharan, 2006; Prouty et al., 2008; 

Tissot et al., 2002). These studies generally emphasize the better prediction capabilities of 

ANNs as compared to the current hydrodynamic and statistical models. However, the predic-

tion capability of any static ANNs model has its limitations, especially in terms of long-term 

prediction. The long-term dependencies problem (i.e. those systems for which the desired 

output depends on inputs presented at times far in the past) is lessened for a class of ANNs 

architectures called nonlinear autoregressive models with exogenous (NARX) recurrent neu-

ral networks, which have powerful dynamic representational capabilities (Lin et al., 1996). In 

this PhD study, the hybrid TELEMAC-NARX models for Cuxhaven and Sylt in the German 

Bight have been developed as an operational tool for modelling the nonlinear complex storm-

tide system. Therefore, the hydrodynamic results are included as input for NARX, which re-

duces the amount of required training data (in this study very good performance with five 

years data 2000-2005). Combining the strengths of NARX models with those of the TELEM-

AC models (TELEMAC2D and TOMAWAC) provides a powerful and computationally effi-

cient operational model system. The latter is applied for reconstructing the storm-tide data 

from the past (e.g. hindcast simulations 1970-2007) and to predict the extreme storm-tide in 
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the 21
st
 century under future conditions (e.g. under A1B_2 realization 2070-2100) using se-

quential time series predicted by the hybrid model. 

Therefore, the main contributions of this thesis may be summarized as follows: 

(i) A hybrid TELEMAC-NARX model system is developed, which, as exemplarily 

shown in Cuxhaven and Sylt, is capable to account for the nonlinear interactions be-

tween the extreme storm-tide components. This enables the substantial errors in both 

magnitude and timing of the results predicted by the TELEMAC models alone to be 

corrected.  

(ii) A relational NARX model is developed to retrieve missing water level data at one site 

using observed water level data at a neighbouring site; i.e. it establishes implicitly a 

nonlinear relationship between the data at two neighbouring sites principally due to 

the storm surge, tide and external surge. Especially, the two sites are separated by a 

distance of more than one hundred kilometers, and both sites are affected by the same 

storms and storm-tide components. The capabilities of this model were exemplarily 

shown by retrieving the missing storm-tide data from the past (2000-2007) in Sylt by 

using the available data in Cuxhaven (2000-2007). 

(iii) The developed hybrid TELEMAC-NARX model system is exemplarily used for two 

sites in the German Bight (Cuxhaven and Sylt) to demonstrate its capability to esti-

mate the effects of future climate change projection  (e.g.between 2070 and 2100) and 

relative mean sea level rise on the storm-tide. 

Based on the results of the validation of the hybrid model by observed data and its implemen-

tation at Cuxhaven and Sylt, recommendations are provided for the practical application of the 

hybrid TELEMAC-NARX model, the NARX models and the TELEMAC models. Therefore, 

in the following sections, the main results are first summarized and tentative conclusions are 

drawn. Second, the applicability and the limitations of the implemented TELEMAC, NARX 

and hybrid TELEMAC-NARX models are briefly discussed. Finally, recommendations for 

future research are proposed. 

6.1 Summary of main results and conclusions 

Along North Sea coasts, reliable storm-tide predictions are of crucial importance as a large 

portion of the coastal zones is not only below mean sea level but also characterized by fre-

quent storms. As one of the most dramatic impacts of climate change, the threat by extreme 

storm-tides might increase mainly due to the change in wind climate. Among others, a reliable 

modelling of extreme storm-tide is crucial for an improved understanding of the contribution 

of the nonlinear interactions between the diverse storm-tide components on the resulting water 

level. This is indeed expected to result in improved predictions of extreme water levels, and 

thus in safer flood defences and in a more efficient flood risk management in a changing cli-

mate. 
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6.1.1 Storm-tide simulation in the North Sea using “TELEMAC2D and TOMAWAC“  

The hydrodynamics and wave propagation over the North Sea have been simulated in this 

study using the selected flow model TELEMAC2D and the wave propagation model 

TOMAWAC. Both numerical models are parts of the TELEMAC model suite (see Fig-

ure 3.1). The models are applied to the North Sea area in order (i) to calibrate and validate the 

model, and (ii) to identify the relative contributions of storm-tide components at the two study 

sites (Cuxhaven and Sylt). 

Tidal simulations for the North Sea area were performed using TELEMAC2D to define the 

Chezy friction coefficient as function of water depth in order to calibrate the bottom friction 

of the model. The friction coefficient was defined according to Eq. (3.29) in four subdomains. 

The predicted tide of 2006 by TELEMAC2D is validated with the real-tide at three stations in 

the German Bight: Cuxhaven, Sylt and Helgoland. The observed tides are almost exactly re-

produced for the three stations, with a correlation coefficient (CC) of 0.99 and a root mean 

square error (RMSE) ranging from 0.08 m at Cuxhaven to 0.11 m at Helgoland (see 

Figure 3.7). 

The implementation of the surge-tide simulation using TELEMAC2D is carried out taking 

into account the meteorological and tidal forces in addition to the effects of the external surge 

from the Atlantic at the northern boundary of the model (see Figure 3.8). Wick and Lerwick 

are selected as the most suitable sites to introduce the external surge in the North Sea model, 

because they have zero time shifts from the northern boundary and better reflect the observed 

external surge variability in space. Two external surge NARX models are developed for Wick 

and Lerwick, which are used to fill the gaps in the observed external surge data between 1970 

and 2007. Moreover, both models are also used in chapter 5 to predict the external surge for 

future surge-tide realization 2070-2100. The prediction performance is relatively good for 

both NARX models with RMSE=0.06 m and CC=0.88 at Lerwick, and RMSE=0.09 m and 

CC= 0.83 in Wick. Their prediction performance might even be enhanced, if the external 

surge predicted by the surge-tide model covering the North Atlantic is added to the input deck 

of the NARX models.  

The predicted storm-tide at Cuxhaven and Sylt indicated that the most relevant components 

are storm surge, tide and external surge. The coupled use of TELEMAC2D and TOMAWAC 

revealed the contribution of wave setup at both sites. The wave setup due to white-capping 

dissipation is as expected negligibly small at average water depth of 23 in both sites. In fact, 

the wave setup (η
w

) does not exceed 10 cm (Figure 3.15) during the storm of November 2007 

and has no effect during the storms of January 2000 and November 2006. Therefore, the cou-

pling of TELEMAC2D and TOMAWAC is not required for the North Sea model to include 

the wave setup effect (η
w

) at both interested sites, which saves computation time. Neverthe-

less, inside the surf zone area the contribution of wave setup due to wave breaking dissipation 

cannot be neglected and use of ARTEMIS model instead of TOMAWAC is more suitable in 

shallower water (also consider wave reflection and diffraction processes). 
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The simulated and observed values of surge-tides in 2006 at Cuxhaven and Sylt were com-

pared (see Table 3.5). The standard deviation (σ) of the predicted surge-tide η
su-t TEL

 at Sylt is 

σ =0.69 m, while CC= 0.96 at both stations. The predicted extreme peak values η
su-t TEL

are 

underestimated as compared to the extreme peak values  η
OB

  observed during the storm of 

November 2006. It is assumed that this might be due to the approximation of the nonlinear 

interaction between the components of surge-tide predicted by TELEMAC2D (η
NLT

) that ad-

ditionally leads to the shift in the arrival time of the predicted extreme peak η
su-t TEL

.  Based 

on this assumption, a pragmatic data-driven approach, which can use artificial neural net-

works (ANNs), is required to assess the contributions of the missing non-linear interactions to 

the resulting extreme storm-tide (see chapter 4). 

6.1.2 Nonlinear interactions of storm-tide components using the hybrid CFD-NARX 

model 

Two types of NARX models were developed for Cuxhaven and Sylt (i) using the Nonlinear 

Autoregressive with eXogeneous inputs (NARX) (Type-A), (ii) combining the NARX models 

with TELEMAC2D surge-tide results (Type-B). Furthermore, their ensemble model (hybrid TE-

LEMAC-NARX) is applied to reduce variance and minimize errors during extreme events. The 

developed models are validated using the observed water level between 1999 and 2007 at both 

sites. The hybrid TELEMAC-NARX model has the capability to account for nonlinear interac-

tion between the extreme storm-tide components, so the substantial errors in both magnitude 

and timing of the storm-tide predicted by numerical modelling can be corrected. For Cuxha-

ven’s NARX ensemble model, the lowest RMSE is 0.148 m with a correlation of 0.99. The 

NARX ensemble model in Sylt has an RMSE of 0.123 m and a correlation of 0.98. 

The hybrid TELEMAC-NARX model provides a powerful and computationally efficient opera-

tional model system for storm-tide prediction as exemplarily shown in Cuxhaven and Sylt, 

which allows to: 

(i)  Reconstruct the missing data using sequential time series predictions for long-term pe-

riods, 

(ii)  Reduce the amount of required observed data for NARX part training (usually five 

years show very good performance).  

The account for nonlinear interaction by the hybrid models may result either in the reduction 

or increase of the highest water level during storms when compared with the linear superposi-

tion of extreme storm-tide components according to the following two situations at both loca-

tions (Cuxhaven and Sylt):   

(i). If the η
L
 peak resulting from linear superposition, which occurs directly before the 

time of (η
EFN

)max resulting from the NARX ensemble model, is less than 3 m, then its 

following peak would overestimate the peak of η
EFN

 at the time of (η
EFN

)max. Since the 

peaks of η
EFN

 and η
L
, which occur before the time of (η

EFN
)max, do not increase signif-
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icantly the mean water level (MWL) during the storm. Therefore, the following peaks 

of η
EFN

 and η
L
 will propagate under more pronounced shoaling effect that increases 

their heights simultaneously. 

(ii). If the η
L
 peak, which occurs directly before the time of (η

EFN
)max, is larger than 3.00 

m, then its following peak would underestimate the peak of η
EFN

 at the time of 

(η
EFN

)max. Since only the peak of η
L
, which occurs before the time of (η

EFN
)max, in-

creases the MWL during the storm to a limit by which its following peak will propa-

gate under less pronounced shoaling effect.  

The highest peak of each storm-tide component by TELEMAC2D and the nonlinear interac-

tion (η
NL

) predicted by the NARX ensemble over the entire time period 1991-2007 at Cuxha-

ven and Sylt are added together linearly ((η
all

)max). The result is assumed to represent the 

highest physical limit of extreme storm-tide over the entire considered time period, though it 

is very improbable that the peaks of superposed storm-tide components will occur at the same 

times. The (η
all

)max at Cuxhaven, which reaches 7.21 m , is higher than its counterpart at Sylt 

of 5.66 m. Nevertheless, the maximum effect of the nonlinear interaction (η
NL

)max at Cuxha-

ven, which reaches 21%, is lower than its counterpart of 25.80% at Sylt. Since the storm surg-

es and tide at Cuxhaven are higher than their counterparts at Sylt, thus resulting in higher wa-

ter level with less pronounced shoaling effect. Therefore, the consideration of (η
NL

)max would 

be relevant for the safety of many coastal facilities, which depends on the magnitude of high-

est physical limit of extreme storm-tide (η
all

)max 

The recorded near shore water level at Sylt is of great importance in applications such as 

ocean engineering and safe navigation. Unfortunately, there are gaps in this record at Sylt, 

which are existed due to the lack of tide-gauge in the past time, failures in the measuring tide-

gauge due to strong storms or when it is upgraded. The statistical distributions and properties 

of meteorological forces (sea level pressure, zonal and meridional wind speed components) 

for Cuxhaven and Sylt are approximately similar (see section 4.2.1). The Relational NARX 

model was developed to retrieve the missing data at Sylt using observed water level from 

Cuxhaven. The prediction by Relational NARX model (ηR) has better performance than the 

predicted storm-tide by NARX ensemble (η
EFN

) at Sylt, since the input contains the observed 

water level at Cuxhaven (see Figure 4.25). It has the lowest normalized RMSE of 0.11 m. 

Moreover, the highest ηR peaks reach 2.43 m and 2.79 m during the storms of November 

2006 and November 2007, respectively, and they slightly overestimate the highest ηOB peaks 

of 2.21 m and 2.65 m. 

6.1.3 Extreme storm-tides in the German Bight under future climate change (2070-

2100) using the hybrid TELEMAC-NARX model 

The majority of the North Sea coasts are low lands and thus highly vulnerable to extreme 

storm surges, particularly under future climate change. Therefore, potential changes in surge-

tide in 2070-2100 are analyzed in order to identify the most threated flood-prone coastal low 
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lands. The analysis of the impact of future climate change on the water levels is performed in 

the following two stages by focusing on extreme values (annual 99.5 percentile and maximum 

surge-tide) and with special emphasis on the German Bight: 

- Stage 1: Simulations of hindcast and control surge-tides (1970-2000) in the North Sea  

(Figure 5.2): 

The hindcast and control surge-tide simulations in the North Sea (1970-2000) are per-

formed to examine the similarity of the control simulation, which is representative for 

the present surge-tides under the meteorological conditions obtained from the 

ECHAM5-MPIOM/CLM models, with the surge-tides under meteorological condi-

tions obtained from the NCEP/SN-REMO hindcast (Table 5.1). Thus, each simulation 

is performed using the North Sea model set-up in TELEMAC2D with the same 

boundary conditions data (Figure 3.8) that represent the surge-tide components 

(Figure 2.15). The percentiles from control and hindcast surge-tide simulations have a 

linear correlation of more than 0.99 as exemplarily shown for Cuxhaven and Sylt 

(Figure 5.6). Moreover, the annual-mean duration and frequency of extreme events in 

the control simulations compare well with the hindcast over the North Sea 

(Figure 5.10). The results of  this analysis demonstrates that the control climate, which 

is used as a reference for future climate change impacts, is well in agreement with the 

results of the hindcast simulations and has thus a resemblance with the real climate ef-

fect on surge-tide. Since the systematic errors (bias) appear in the control simulation as 

a deviation from the mean of hindcast surge-tide simulation, the difference between 

the future and control simulations represent the response of the surge-tide under the 

future emission scenario assuming the same bias in both simulations. 

- Stage 2: Simulation of future surge-tides  (2070-2100) for the North Sea (Figure 5.11): 

The changes of the mean 99 percentile wind speed under the A1B scenario resemble 

the ensemble mean of all future scenarios and preserve a meaningful scale of metro-

logical processes (see Figure 5.12 and Figure 5.13). Therefore, the change in surge-

tide statistics over the North Sea due to future climate change is carried under A1B 

scenario (“future conditions”). The increase in magnitude of the extreme surge-tide 

due to climate change is significant for the German Bight and the Netherlands coasts, 

while it decreases significantly toward the middle of the North Sea and along the UK 

east coast. This is combined with the same spatial increase of the mean duration of ex-

treme surge-tide events (𝑑𝐴1𝐵_2
𝑥 (≥ 99.5)). Furthermore, the increase is more pro-

nounced for the eastern German Bight (North Frisian Islands) and the Danish coasts 

than for the southern German Bight (East Frisian Islands) and the Netherlands coasts. 

The climate change signal along the 10-m bathymetry line for annual 99.5 percentile 

of surge-tide ((𝑥(99.5)) in the eastern German Bight ranges from 0.12 m to 0.16 m, 

while it ranges from 0.08 m to 0.11 m in the southern German Bight. This can be re-

lated to the increase of the westerly wind frequency during storms (Figure 5.15 and 

Figure 5.16), and their increased duration (Figure 5.18) in the future climate realiza-

tion. In general, the surge-tide climate change signals toward the end of the twenty-
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first century (2070–2100) are comparable to those from the storm surge under the A2 

scenario over the North Sea by Woth (2006), except for the frequency of the extreme 

events. Woth (2006) found an increase in the frequency of extreme storm surge events 

under future climate, while in this study the frequency of storm-tide events not change 

significantly. This might be due to the nonlinear interaction of tide and external surge 

with the local surge, which reduces extreme water levels in most of storm events con-

sidered in the period (1991-2007).  

The temporal variations of the climate change signals for storm-tide at the two pilot sites, 

Cuxhaven and Sylt, are assessed using the new hybrid modelling approach to consider the 

nonlinear nature of extreme storm-tide. Moreover, the effect of the mean sea level rise is line-

arly superimposed on the predicted storm-tide as the water depth is more than 10 m at both 

considered sites, Cuxhaven and Sylt (Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; 

Howard et al., 2010; Gaslikova et al., 2013). The maximum storm-tide ([𝑃𝑠𝐴1𝐵_2
𝑥 (100)]𝑚𝑎𝑥) 

occurs in 2091 with 4.19 m at Cuxhaven, while it is only 3.56 m at Sylt in 2092. These values 

are higher than the maximum of storm-tide ((η
EFN

)max) at both sites in  the period 1991-2007, 

by 0.19 m (4.8 %) at Cuxhaven and 0.54 m (17.9 %) at Sylt. The mean duration of extreme 

storm-tide events increases due to climate change significantly at Sylt (dsA1B_2
Sylt (≥ 99.5)) 

(see Figure 5.26(a)), while no significant changes occurs at Cuxhaven (dsA1B_2
Cux (≥ 99.5)). 

The significant increase of dsA1B_2
Sylt (≥ 99.5) occurs in the periods 2075-2077 and 2092-2095 

with the highest value of 0.43 hour in 2094. This can be related mainly to the increase in dura-

tion of extreme wind events at Sylt in these periods at the end of 21
st
 century (see Fig-

ure 5.18). The climate change signals of the mean frequency of the extreme storm-tides at 

both sites are within the range of the natural variability of the hindcast mean. 

In this study, only one emission scenario (A1B) effect, which is regionalized by the 

ECHAM5-MPIOM/CLM models, on the spatial and temporal (at Cuxhaven and Sylt) distri-

butions of storm-tide is considered. The use of different emission scenarios and/or global cir-

culation models may have a larger effect on the future changes of the storm-tide. The future 

increase in frequency of extreme storm-tide events alone, which is not significant, would be 

less relevant for many coastal facilities whereas the increase in duration and/or magnitude of 

extreme events (both are significant) could decrease their safety limits.  

6.2 Applicability and limitations of the TELEMAC, NARX and hybrid 

TELEMAC-NARX models 

One of the main objectives of this study was to develop a new “operational”, low cost model-

ling tool for storm-tides in coastal areas and estuaries, which can account for the nonlinear 

interactions of the storm-tide components, and to exemplarily apply the model for the evalua-

tion of past (1970-2007) and future (2070-2100) storm-tide events in Sylt (open coast) and 

Cuxhaven (estuary). The new approach combines NARX models with the flow model TE-

LEMAC2D and the wave model TOMAWAC using the observed water level at Cuxhaven 

and Sylt to train the NARX models, which are available at depth of around 23 m. 
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- TELEMAC models 

The implementation of surge-tide simulation over the North Sea using TELEMAC2D are car-

ried out taking into account the external surge from the Atlantic ocean at the northern bounda-

ry (see Figure 3.8). The most suitable sites for considering the external surge of the North Sea 

model are Wick and Lerwick. Two external surge NARX models were developed for Wick 

and Lerwick to fill missing observed data. The performance of the two NARX models is rela-

tively good (see Table 3.3). It can be further enhanced, if the observed wind and SLP data at 

both sites are used. Moreover, their performance can be improved by including as input the 

external surge predicted by the surge-tide model covering the North Atlantic.  

In order to study the nearshore wave field in the German Bight and its effect on surge-tide, the 

non-steady wave propagation over the North Sea model is performed with TOMAWAC. On 

the northern open sea boundary the zero spectrum wave energy is prescribed (Figure 3.13), 

since this boundary is shifted away from the shallow part of the North Sea and the swell effect 

can be generated by wind over the deeper part. Nevertheless, a more accurate representation 

of the swell can be obtained by shifting the northern boundary further in deep water to include 

the part of the North Atlantic Ocean connected to the North Sea model. The predicted signifi-

cant wave height has a relatively good performance despite the use of the RCM SN-REMO 

wind field with resolution of 50 km. This might even be enhanced if finer resolution meteoro-

logical data of the RCM SN-REMO is available. The TELEMAC2D and TOMAWAC models 

are coupled to simulate the wave-setup over the North Sea. The application domain of 

TOMAWAC is in deeper water and does not include shallow water related processes and pro-

cesses due to the presence of coastal/harbour structures such as reflection and diffraction. The 

two considered study sites, Cuxhaven and Sylt, are located in water depths h> 20 m (con-

straint due to the availability of observed water level data). For areas with shallower water 

(h<10m). the ARTEMIS model from the TELEMAC model suite instead of  TOMAWAC 

should be applied. 

For certain extreme storms, such as December 1999 (called Anatol), the extreme of η
OB

 over-

estimates those computed by TELEMAC ( η
st-t TEL-TOM

 ) at Cuxhaven and Sylt. This is due to 

the overestimation of the predicted sea level pressure by the climate model SN-REMO as 

compared to the observed pressure (Nilsson et al., 2007) and/or to η
NLT

approximation. A sub-

stantial improvement might be achieved in the prediction of storm-tide models with a finer 

spatial resolution (less than 10 km) of the meteorological data predicted by the RCMs in addi-

tion to observed meteorological data assimilation over the North Sea. 

- NARX model 

The capabilities of the developed  NARX model depend on the quality and amount of the data 

available for training the NARX model at the considered site (at least 10 years in high tem-

poral resolution (≤ one hour) without missing data). This is usually not available for all 

coastal sites, especially in developing countries.  The hybrid models at both sites (Cuxhaven 

and Sylt) perform better (lower RMSE and higher correlation) than NARX models (without 
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inclusion of storm-tide by TELEMAC2D as input). Moreover, the hybrid models provide 

long-term prediction with higher performance than NARX models alone. 

- Hybrid TELEMAC-NARX model 

The capabilities of the new hybrid TELEMAC-NARX model depend on (i) the interested sites 

from which the observed time series of water level are available for NARX training, including 

the validity of the purposed physical assumptions about storm-tide components for these sites 

(ii) the quality and amount of the meteorological data available for numerical storm-tide pre-

diction and NARX model training at the considered sites. 

The new hybrid model during NARX training captures the nonlinear nature between extreme 

storm-tide components using a moderate time span of the observed water levels at the inter-

ested sites, Cuxhaven and Sylt (average water depth 23 m). The observed water level data, 

which has high temporal resolution (from one minute to one hour) in the period 1999-2007, 

not contain gapes and/or substantial amount of improbable values. Therefore, the hybrid mod-

el prediction and conclusions about nonlinear interactions are applicable only for these two 

sites. The results show that the hybrid model is able to extract the contribution of the nonline-

ar interaction between the different extreme storm-tide components at both sites as follow: 

1. Evaluate each component of the extreme storm-tide η
st-t 

 (as defined in Figure 2.15) 

independently using the North Sea mesh in TELEMAC2D. The two interested sites 

are far outside of the surf zone and the wave setup component has no contribution on 

the predicted storm-tide. The long term effect of bathymetric evolution on storm-tide 

and its components are not taken into account at both sites (Woth, 2006; Gaslikova et 

al., 2013).  

2. The components obtained from step 1 are linearly superposed in order to predict the 

linear storm-tide for Cuxhaven or Sylt (η
L
). This is based on the assumption that the 

storm-tide components are calculated by TELEMAC with a high accuracy. This as-

sumption is partly validated as the predicted tide reproduces almost exactly the tide 

measured in the German Bight. Nevertheless, the calculated storm surge and external 

surge components still need to be verified. 

3. Train and develop the hybrid model using the observed water level (1999-2007) at the 

interested sites. So it cannot provide predictions at other sites where the NARX model 

is not trained. 

4. The nonlinear interaction at both sites is obtained by subtracting the η
L
 from the pre-

dicted storm-tide obtained by the hybrid TELEMAC-NARX model. Moreover, the ex-

pected sea level rise is linearly superimposed on the predicted storm-tide as the water 

depth is larger than 10 m (Lowe & Gregory, 2005; Woth, 2006; Sterl et al., 2009; 

Howard et al., 2010; Gaslikova et al., 2013). 

The training of the hybrid model requires the two wind components and SLP to be included in 

the input deck in addition to the observed water level at both sites. The observed meteorologi-

cal data for both sites were not available in acceptable temporal resolution for past conditions 

(1970-2007). Therefore, these data had to be extracted from the RCMs SN-REMO for both 
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sites with horizontal resolution of 50 km. For future storm-tide simulation (2070-2100), only 

one emission scenario (A1B) is considered, which is regionalized by the ECHAM5-

MPIOM/CLM models with horizontal resolution of 18 Km. Improvement in the accuracy of 

the hybrid model might be expected with finer resolution (≤10 km and ≤ one hour) meteoro-

logical predictions from the RCMs over the North Sea. The use of different emission scenari-

os and/or global circulation models for future simulation may have a larger effect on storm-

tides. There might be a considerable variability in the response of the extra tropical atmos-

pheric circulation in dependence on the used GCM/RCM and in dependence on the chosen 

greenhouse gas emission scenario (Woth, 2006; Gaslikova et al., 2013).  

6.3 Recommendations for further research and development 

 Improvement of external surge prediction: Some features of the domain that have not 

been covered in the numerical modelling might be implemented in a further study. For 

instance, shifting the northern and western open-sea boundaries of the North Sea mod-

el further to deeper water in the North Atlantic will provide a more accurate prediction 

of the external surge and swell that enter to the North Sea.  

 Application of hybrid TELEMAC-NARX model for shallower sites (h<10m): For water 

depth less than 10 m, the ARTEMIS model from the TELEMAC suite, which is able 

to simulate wave action density (N) taking into account the effects of reflection and 

diffraction by structures or natural barriers, must be used instead of TOMAWAC. Fur-

thermore, the model geometry should be updated and the bottom elevation of the do-

main is predicted using SISYPHE (2D sediment transport model (see Figure 3.1), 

which can be coupled with TELEMAC2D and other wave models of the TELEMAC 

suite such as ARTEMIS. 

  Nonlinear interaction between storm-tide components: Since the NARX part of the 

developed hybrid model is trained using only the observed water level in Sylt and 

Cuxhaven, the conclusions drawn from the results of the TELEMAC-NARX model on 

the effect of the nonlinear interaction between the diverse components on the resulting 

storm-tide level might not be valid for other sites. Therefore, it is suggested to apply 

the methodology of the hybrid model to other sites over the North Sea, which will 

provide the assessment of nonlinear interaction contribution. This gives the possibility 

to accelerate the enhancements of storm-tide numerical modelling.  

  Improvement of the spatial resolution of the RCM meteorological data: A substantial 

improvement might be achieved in the prediction of the hybrid TELEMAC-NARX 

model with a finer spatial resolution (less than 10 km) of the meteorological data pre-

dicted by the RCMs over the North Sea. This might also improve the results of the 

wave models. Furthermore, the use of the observed wind/pressure data as inputs for 

training the NARX models at the diverse sites (e.g. Wick, Lerwick, Cuxhaven and 

Sylt) may also improve their prediction performance. 
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 Effect of emission scenarios and applied climate models on storm-tide:  The use of dif-

ferent emission scenarios and RCMs may have a larger effect on the changes of storm-

tide statistics in the context of climate change. A considerable variability might be ex-

pected in the response of the extra tropical atmospheric circulation depending on the 

applied GCM/RCM and on the chosen greenhouse gas emission scenario. Bringing 

more light into the possible range of uncertainties involved will represent a major 

challenge for future climate impact studies. 
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