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Abstract The motivation for this study is to assess the possibility of using wind, 
current and water level fields as simply as possible for the 
determination of the Hydraulic Boundary Conditions (HBC) in the 
Wadden Sea. Since storms are intrinsically unsteady processes, the 
purpose of this study is to investigate physically-based methodologies 
to simplify the wind fields that generate severe surges and use then as 
realistic forcing on the water in the Wadden Sea. An additional purpose 
is to perform a sensitivity analysis to various model settings for the 
determination of the wave conditions in the eastern Wadden Sea. 
Firstly, this was realized by performing a detailed analysis of the 
characteristics of historical storms generating severe surges in the 
Wadden Sea, with emphasis on the eastern part. The results show that 
high water levels were generated by rising wind speeds with directions 
approximately shifting from near-south to near-north. The historical 
time- and space-varying wind fields were tentatively schematised by 
synthetic steady-state values to carry out numerical experiments and 
testing realistic HBC in the Wadden Sea. Simulations with the WAQUA 
model applied to the CSM-ZUNO-Kuststrook nested domains showed 
that the wind field cannot be simplified as a stationary wind field with 
constant speed and/or direction if physically-based speeds have to be 
maintained. From this result it is concluded that no simple way exists to 
specify wind, current and water level fields for the determination of the 
HBC, at least according to the present methodology. Secondly, a 
sensitivity analysis was performed for the eastern Wadden Sea to assess 
the effect of various model settings on the wave conditions along the 
dikes of the Wadden Sea. These simulations were performed with the 
SWAN model on a dedicated curvilinear grid for the eastern part of the 
Wadden Sea. The model simulations include alternatives such as 
omitting currents, replacing a spatially varying water level with a 
horizontal water level, developments in bathymetry and sensitivity to 
offshore boundary conditions. The results showed that the waves in the 
eastern Wadden Sea are primarily locally generated, that currents 
cannot be neglected, and that the local depth strongly dominates the 
local wave conditions. Several recommendations stem from this study: 
among those, it seems most appropriate to investigate the viability of 
using parametric unsteady storm profiles to generate realistic (tide free) 
surges. Regarding the wave modelling, also, it is recommended to 
include a two-way coupling between the flow and wave models and to 
further investigate the propagation of low-frequency storm waves into 
the Wadden Sea. 
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1 Context, modelling issues and plan of action 

1.1 The WTI-2011 background 
In compliance of the Dutch Flood Defences Act (‘Wet op de Waterkeringen’ of 1995), the 
primary coastal structures must be monitored every five years. The assessment should 
provide insight into the actual level of protection, and its results serve as a basis for the 
initiation of repair and design operations. The WTI (Wettelijke Toets Instrumentarium, 
Guidelines for the Assessment of the Safety of Coastal Structures) prescribe the 
regulations. The WTI consists of the Safety Assessment Regulation (VTV: Voorschrift 
Toetsen op Veiligheid), Hydraulic Boundary Conditions (HBC) and background Technical 
Reports and Manuals (‘Leidraad’). VTV and HBC must be derived every five years and 
approved by the Minister of Transport, Public Works and Water Management.  
 
The first and second period of assessments have already been performed, while the third 
is being carried out at the time of running this programme and must be finalised in 
2011, after which the fourth period will start. Therefore actual, adequate and accurate 
HBC are required. The objective of the WTI-2011 programme is to supply these HBC to 
perform the assessment activities in the period concerned. Within the VTV programme, 
the ambition is to reduce the percentage of ‘no judgement’ cases (‘geen oordeel’, that is 
with unknown safety level). 
 
The VTV procedure is used to make the sea defences undergo a stepwise assessment 
ranging from ‘simple’ to ‘advanced’ tests. During these assessments, so-called 
‘knowledge voids’ are encountered. The outcome may be that the assessment cannot be 
completed and sections of the sea defences are labelled as ‘no judgement’ cases, which is 
an undesirable situation from both the political and social points of view. Another 
possibility may be that sea defences will erroneously pass or fail the assessment. These 
situations are just as undesirable. Generally, a knowledge void is closely related to 
restrictions in the field of application, or to the absence or lack of accuracy in the HBC or 
VTV. 
 
The Directoraat Generaal Water (DGW) of the Ministry of Transport, Public Works and 
Water Management has assigned to Deltares the execution of the WTI-2011 programme. 
RWS-Rijkswaterstaat participates in the WTI-2011 programme.  
 

1.2 Problem statement 
In 2007 a consortium of WL|Delft Hydraulics, Alkyon and HKV carried out an impact 
analysis to assess the impact of uncertainties affecting the determination of the HBC 
along the Wadden Sea dikes (WL, 2007). The report resulted in a number of work tasks 
to stimulate progress towards the solution of the issues. The keywords describing those 
tasks are: 

1. Tilting of the water surface 
2. Currents 
3. Impact analysis for the Eems-Dollard estuary 
4. Improvements of Hydra-K 

 
The scrutiny of that impact-analysis study resulted in the need to perform a further 
investigation of the first two aspects. In WL (2007) the conclusions, based on the analysis 
of only two storm events, suggested that currents and surface set-up could be 
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implemented as wind-dependent variables. Thus, a given pair of wind speed and 
direction would yield ‘typical’ fields of water-level and current over the basin. If true, this 
would greatly simplify the determination of the HBC in the Wadden Sea.  
 
Also, the impact analysis performed in WL (2007) focussed on the western part of the 
Wadden Sea, and no conclusions could be drawn for the eastern region. To fill this gap, 
part of this study concerns the impact of various modelling approaches on the analysis of 
the eastern Wadden Sea. (Hereinafter, ‘eastern Wadden Sea’ means, to a good 
approximation, the coast of the province of Groningen, including the Eems-Dollard 
estuary.)  
 
The present method of determining the HBC uses stationary and constant wind fields to 
drive the wave model and to transform the offshore wave conditions to the dikes in the 
Wadden Sea. In addition, such a wave modelling approach omits currents and applies a 
constant water level. Recent studies (e.g. Alkyon, 2007a, and WL/Alkyon/HKV, 2007), 
instead, show that currents significantly affect the wave conditions in the Wadden Sea 
during storms. They also suggest a close relation between the general characteristics of 
the unsteady wind field and the flow evolution in the Wadden Sea.  
 
The main finding of these studies is that currents should be included in the methodology 
of deriving the HBC. It implies that numerical simulations are required to determine the 
flow field in stormy conditions. Water levels and currents are two inseparable features of 
the same flow field, and it appears impossible to determine either without accounting 
for the other. In addition, the currents fields for the HBC cannot simply be linked to 
astronomical water levels, since the aforementioned studies show that wind-induced 
surges are dominant, and that their magnitude depends on the characteristics of each 
particular storm. 
 
The present framework of the Hydra-K approach consists in applying a statistical analysis 
on results of wave model computations with a range of wind speeds, wind directions and 
associated constant water levels, to eventually obtain dike heights. In this approach, the 
wave model results are a result of constant wind fields, devoid of current effects. The 
present, probably simplistic Hydra-K approach can be used as a starting point to develop 
an improved methodology allowing for currents. From the viewpoint of the present 
Hydra-K method, the goal is to find the associated current field for given wind 
conditions (speed and direction) and water level, preferably by applying a steady wind 
field in the flow and wave computations.  
 
Applying a steady wind field, however, neglects the inherent dynamics of storms that 
generate significant water levels and associated currents. It is, therefore, necessary to 
assess the importance of such dynamics. Only when the physical relations between 
(temporal and spatial) storm features and the wind-induced flow field are understood, a 
systematic and reasoned simplification of the storm wind field is possible with the 
ultimate aim of obtaining a constant wind field currently endorsed by the present Hydra-
K approach. 
 
The general question underlying the current research is: In which way can simulations of 
time- and space-varying flows be simplified for use in Hydra-K? The final goal is to 
obtain an estimate on the accuracy of the stationary reference simulations obtained 
using a flow solver and the SWAN wave model. In answering this question the following 
aspects play a role: 

•  Which storm situations have to be considered? 
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•  What is the relevance of wave-induced currents on the flow patterns? 
•  In which way do we need to treat the boundary conditions of the flow model for 

the Wadden Sea for different types of boundary conditions? 
•  What is the best methodology to include current effects in the determination of 

the Hydraulic Boundary Conditions so as to fit in the Hydra-K framework?  
 
Consideration of all these questions requires many detailed studies into the hydro-
dynamics of the Wadden Sea under storm conditions. Two aspects on which we focus in 
the present study are detailed in the following Section.  
 

1.3 Objectives  
The first key aspect of this project regards in which ‘simple’ way the real-world time 
varying fields of wind, currents and waves should be simulated to determine the HBC, 
while including current effects. (This study will not encompass the fourth item in the 
above list, i.e. the improvement of Hydra-K.) 
 
While storms are naturally unsteady phenomena, the present probabilistic approach to 
compute the HBC does not take into account any temporal variability. Uniform levels and 
no current are, in fact, considered in it. The question then arises whether such 
assumptions actually lead to limited inaccuracies in the HBC determination. In case it 
does, accounting for spatial variations in the water levels and current would then be a 
relatively easy amplification. Moreover, the inclusion of wave action on current and 
water levels requires additional insight.  
 
The second key aspect of this study regards the impact of various modelling choices to 
determine the wave climate at the dikes of the main land. These include the effects of 
omitting currents, replacing a spatially varying water-level field with a constant 
horizontal water level, of changes in the bathymetry and of small changes in the 
offshore wave boundary conditions.  
 

1.4 Approach 
1.4.1 Hindcast of historical and synthetic storms 

The first part of this study is dedicated to the selection and screening of several historical 
storm events that caused year-record surges in the eastern, or in the entire, Wadden Sea. 
We selected six major events belonging to the period 1981-2006. Perhaps contrary to 
wishful expectations, their analysis shows that unsteadiness is indeed a fundamental 
feature as far as both wind forcing and the resulting flow field are concerned. Those 
storm winds appear to have generated severe surges, because the temporal changes of 
wind speed and direction favoured the accumulation of water in the eastern sub-basin, 
which was then pushed against the coast. Also, within this general storm-wind 
prototype, events with rather different histories could create surges of comparable 
intensity, when the tide-free contribution is considered. 
 
In a previous work of Alkyon (2007), the storms of 1 Nov 2006 and 18 Jan 2007 were 
already hindcast to determine the current field in the western Wadden Sea and assess 
the impact of several assumptions on nearshore wave conditions. Those windstorms were 
suitably referred to by their peak wind direction (northwesterly and southwesterly 
respectively). Here, for completeness, we hindcast the above storm with an eye on the 
surge effect in the Wadden Sea, while adding two additional storms from the sectors to 



Simulations of storm winds, flows and waves in the Wadden Sea 10 Nov. 2008 
 

 

file: A2108R1r4  4  

 

which the basin is normally exposed, i.e. the storms of 12 Jan and 9 Nov 2007. To this 
end, we used the WAQUA solver for the depth-averaged equations of motion of free-
surface flows, as part the SIMONA (SImulatie MOdellen voor de NAtte Waterstaat) suite 
developed and maintained by Rijkswaterstaat.  
 
The present selection of storms should be considered as a first step to identify the 
dynamics of storms that are able to generate severe high water levels in the Wadden 
Sea. Our present aim is not to find a reference storm in a proper statistical sense since 
that, in fact, would require a larger set of storms.  
 
Another feature of this study is that historical storms are not scaled up, unlike in Alkyon 
(2007) where the storm of 18 Jan 2007 was modified to generate a 4000year design 
water level at station Nes. Scaling-up storms by modifying (increasing) wind speeds and 
pressures is probably a too simplistic procedure, since the spatial extent of an extreme 
storm needs to be modified too. On account of these uncertainties, here we only 
considered hindcasts.  
 
Another assumption is that the surges produced by our simplified schematic steady-state 
storms do not account for the tide. This is because we are interested in wind-generated 
surges in the first place. As a first approximation, however, tidal levels will be thought of 
as superimposed and added to the wind-induced surge. In reality, however, we 
acknowledge that the interaction between tides and wind-induced surges is more 
complex on several counts. We leave a more specific determination of this interaction as 
a focus for further studies. 
 
We have also investigated a possible sequence of schematisations (‘simplification ladder’) 
for those four historical storms by reducing first spatial variability and, then gradually, 
temporal variability of speed, direction and both by replacing the historical values with 
steady quantities. Five series of numerical experiments with increasingly simple wind 
forcing were run to simulate the flow field with the WAQUA model; and namely: 

0. Time- and space-varying wind forcing. Those are the hindcasts. The functions for 
the wind speed and direction read U=U(x,y,t) and D=D(x,y,t), that is the most 
general form. Astronomical forcing is also included, so that the water-level 
output corresponds to total water levels, which can be assessed against the 
histories at measurement stations. Results are presented and discussed in Section 
4.3.1. 

1. Time-varying, but spatially uniform, wind forcing. Spatial variability is thus 
restricted. This entails the choice of a wind station, the measurements of which 
are (the most) representative for the area of interest. The wind field is then 
described by functions of the type U=U(x0,y0,t) and D=D(x0,y0,t), where the 
subscript indicates the reference station. Because of the specific focus on wind 
simplification, no tidal forcing is accounted for in this series as well as the 
following ones. Results are compared to tide-free surge measurements and 
discussed in Section 4.3.2.  

2. Steady-speed/unsteady-direction uniform wind (‘square-speed storm’). In 
addition to the spatial restriction of Series 1, the wind unsteadiness is further 
reduced by making the speed steady, while letting the direction follow its actual 
reference history. The shorthand form for the wind forcing is, therefore, U=U* 
and D=D(x0,y0,t), where the asterisk indicates a replacement value. The output is 
contrasted with that of Series 1. This is discussed in Section 4.3.3. 

3. Unsteady-speed/steady-direction uniform wind (‘square-direction storm’). This 
simplification stems from Series 1, but with contrary restrictions than those of 
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Series 2. In symbols, the wind forcing reads U=U(x0,y0,t) and D=D*. The output is 
contrasted to those of Series 1 and 2. Modelling options and results are discussed 
in Section 4.3.4 

4. Unsteady-speed/unsteady-direction uniform wind (‘fully square storm’). Finally, 
we combine the previous two simplifications and remove the unsteadiness of 
both speed and direction to build an extremely simplified storm wind – of the 
form U=U* and D=D*. The output is compared to those of Series 1 to 3. Results are 
presented and discussed in Section 4.3.5. This approach resembles the present 
approach to the HBC. 

 
Each of these steps caused significant loss of accuracy in the prediction of the water level 
at the shore, which makes them unsuitable for wave climate studies down the line. 
Expectedly, the loss of accuracy is the larger, the more drastic the level of simplification, 
and only an unsteady/uniform case is possible usable to upscale storms  up to a desired 
return-time for surges. However, the numerical experiments confirmed the importance 
of unsteadiness, and offered important clues for improving the storm modelling with 
unsteady synthetic profiles.  
 
The analysis outlined in this section is contained in Chapters 2 to 5.  
 
1.4.2 Wave modelling 

The second part of this study presents the results of the impact study into the effects of 
certain modelling choices on the nearshore wave conditions. The study was carried out 
with a dedicated SWAN model for the same 4 storms used in the first part of the study, 
in which the flow simulations provided the water-level and currents fields.  
 
A shortcoming of the WAQUA solver lays in its incapability to be two-way coupled with 
the wave model SWAN. This prevents determining the effect of wave-driven currents on 
the current and water level fields. In this project’s original planning, the WAQUA 
settings for the Kuststrook flow field were to be adjusted and imported into the more 
flexible Delft3D solver, where two-way coupling is already implemented. However, at 
variance with the initial intentions and in agreement with the Client, wave effects on the 
underlying flow field were left for future investigation. In fact, the numerical 
experiments to simplify the history-based wind fields resulted in appreciable loss of 
realism. Therefore, it was felt that such findings undermined the value of undertaking 
wave-current coupling any earlier than testing the scope of storm schematisations (that 
is fundamental for both circulation and wave climate).  
 
That said, for each storm three time instants were selected to determine the wave 
conditions in the eastern Wadden Sea: one moment at the time of computed high water 
at Delfzijl; then, one moment before this high water peak in which the waves mainly 
encountered following currents; finally, one third moment after this high-water peak 
during ebb, such that the waves encounter opposing currents.   
 
For each storm instant, the wave conditions in the eastern Wadden Sea were computed. 
These results were considered as reference conditions. Hereafter, SWAN computations 
were performed to assess the effect of currents on the nearshore wave conditions. In 
addition, the sensitivity to small variations in the offshore wave conditions was 
determined, followed by an analysis of the effect of bathymetric changes in a tidal inlet 
due to subsidence induced by gas extraction and to the growth of a kwelder (salt marsh) 
area. Finally, the effect of applying a horizontal water level on the wave conditions was 
investigated.  
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This analysis of bathymetric changes and its effects on the near-shore wave conditions 
can be considered as an extension to the analysis performed in WL/Alkyon/HKV (2007). 
The main difference is that in this study also bathymetric changes in a tidal inlet in the 
eastern Wadden Sea are included. In addition, the effects of subsidence due to gas-
extraction and the growth of salt-water marches on the wave conditions are assessed.  
 
A dedicated SWAN grid was made for the eastern Wadden Sea in view of performing 
future hindcasts studies. This model grid is based on the curvilinear Kuststrook model 
and refined to have a sufficiently fine resolution, but still yielding acceptable run times. 
A computational grid with a refinement of a factor 3 in both directions was found 
acceptable. 
 
This model grid was also used for the impact study to study the effect of certain 
modelling choices on the wave conditions in the eastern Wadden Sea, with an emphasis 
on the nearshore conditions.  
 
The results of the impact study confirmed the notion that currents play an important role 
on the wave evolution in the Eems-Dollard during storm conditions. The results also 
showed that small variations in the offshore conditions hardly affect the near-shore 
wave conditions. This conclusion is supported by the observation (based on 
computational results) that the wave conditions are mainly locally determined. 
Variations in bathymetry are only locally noticeable and applying a horizontal water 
level only produces similar results around the location that was used to set the water 
level.  
 
The analysis outlined in this section is contained in Chapters 6 and 7.  
 

1.5 Reader’s guide 
This report is structured as follows. Chapter 2 contains a correlation analysis of the year-
record surges occurred in the entire Wadden Sea since 1933. In Chapter 3, the analysis 
then focuses on those windstorms causing the most severe year-record surges in Delfzijl 
in the period 1981-2007 for which wind measurements are available, leading to the 
presentation of a prototype windstorm. Chapter 4 introduces and discusses the WAQUA 
simulations of the current and water-level fields during the storms of 1 Nov 2006, 12 and 
18 Jan 2007 and 9 Nov 2007, in terms of both hindcasts and simplification-ladder 
schematisations. Chapter 5 is a résumé of the findings and results of the first part. To 
continue, Chapter 6 describes the issues associated with the morphological processes 
affecting the bathymetry of the eastern Wadden Sea. This includes the effect of sea-level 
changes, development of the salt-marsh areas, subsidence due to gas extraction and the 
dynamics of the tidal deltas. Chapter 7 introduces and discusses the sensitivity studies of 
the wave climate simulations carried out with the SWAN model to assess the impact of 
certain modelling choices. Finally, Chapter 8 summarises the conclusions of the entire 
study, and Chapter 9 provides recommendations for future investigations and 
suggestions for further initiatives. 
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1.6 Project team 
This study was performed by Giordano Lipari, Gerbrant van Vledder, Jeroen Adema, 
Jelmer Cleveringa, Olger Koop and Amir Haghgoo of Alkyon. The quality control was 
performed by Gijs van Banning and David Hurdle for the flow part, and David Hurdle for 
wave part. The study was guided by Jacco Groeneweg of Deltares. 
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2 Highest water levels in the Wadden Sea 
The emphasis of Chapters 2 to 4 is on the simulation of the flow circulation and water 
levels devoid of the wave climate. In such a context, the term ‘surge’, therefore, will 
refer to the total water-level rise obtained by the combined effect of currents and tide. 
Here, the additional contribution to waves during the storm is omitted for the time 
being, since only one-way wave-current interaction has been considered here. 
 
Although their connection is all too obvious, we shall make frequent use of the 
distinction between windstorm events (related to airflow, even though, to be precise, 
the English word ‘windstorm’ suggests heavy winds with little or no precipitation, which 
is a specification of no concern here) and surge events (related to water levels at the 
coastline). This is useful to keep features belonging to either body (air, water) 
distinguished.  
 
On the side of spatial features, we are interested in inspecting the degree of consistency 
in the water/wind measurements over the entire Wadden Sea (WS) area. We shall regard 
one event as either local, if it affects sections of the WS only; or extended, if it conversely 
affects the whole WS with similar features. Of course, by this distinction any ordinary 
meteorological event much larger than the WS itself may well give rise to ‘local’ or 
‘extended’ storms; here, however, we are interested in evaluating uniformity over the 
WS. 
 
On the side of temporal features, we are interested in checking whether the wind/surge 
events occurred simultaneously or separately at the WS stations. 
 
Hereinafter, all water heights are given in centimetres above the normal Amsterdam 
level (NAP). Measured water levels comprise of mean sea level, tidal excursion and storm 
surge (as said, wave surge is discarded for the time being).  
 
For the purpose of water defences, the overall water levels are of interest, and these 
data are mainly on focus in this chapter. On the contrary, tide-free surges are the object 
of numerical simulations farther discussed in Chapter 4.   

2.1 Top-5 events 
The Actuele Waterdata webpage presents the five highest water levels since year 1900 at 
(among others) Den Helder, Den Oever, Kornwerderzand, Harlingen, Delfzijl and Nieuw 
Statenzijl, covering the Dutch northern coast. Their locations are shown in the map of 
Figure 2.1. Table 2.1 shows values (in cm) and dates. 
 
Thence: 

•  The extreme conditions in western WS, whether in the outer station of Den 
Helder or in the inner one of Harlingen, occurred at altogether different years 
from Delfzijl and Nieuw Statenzijl in the eastern basin.  

•  In particular, the event of 1953 tragically striking the southern Dutch coast, also 
affected the stations from Den Helder to Harlingen up to a top-five ranking.  

•  The 1976 and 1990 ‘western’ records left no impact of the same level on Delfzijl 
and Nieuw Statenzijl. 

•  At Delfzijl, instead, before the record of 1 Nov 2006, the highest water level 
dated back to 1901. There, the 1953/4 events do not enter the top-5 ranks. 
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This preliminary observation prompts a closer inspection on whether a division between 
western and eastern Wadden Sea is reasonably well founded, as far as the high water-
level records are concerned (Sections 2.2 and 2.3). This imposes to check whether an 
existing water station can be regarded as an operational boundary between the sub-
basins (Section 2.4). 
 

2.2 Historical records 1930-2005 
The Waterstat service makes the highest water levels recorded each year at stations in 
the Netherlands available to download.  
 
Using this data implies the following assumptions: 

•  By concentrating on highest water levels, there can be critical events with surges 
occurring during low-tide conditions, which do not appear from this analysis. For 
the time being, we accept missing out those events, while wind-induced level 
changes will be accounted for in the detailed analysis in Chapter 3. 

•  Only one value is chosen per year, while two extreme events may happen on the 
same year (see events 4 and 5 of 1954 at Den Helder, Table 2.1); however, this 
overshadowing is deemed occasional. (By necessity, a few additional non-year-
record events will be hindcast in Chapter 4 to compensate for the shortage of 
complete HIRLAM wind fields.) 

•  Only highest water levels – as opposed to mean or lowest water levels, which are 
of technical interest too – are on focus here. 

 
The (secondary) effects of the mean sea level are discussed briefly in Section 2.7. 
 
The period selected here begins in 1930, since the completion of the Afsluitdijk imposed 
a major change of shape on the WS since 1932. This note of caution strictly applies when 
correlating the water-level measurements of different stations and making inferences on 
the storm patterns that generated them – in fact, the presence of the Zuiderzee sensibly 
affected the earlier set-up of the free surface.  
The Waterstat time-coverage terminates on 2005, and the most recent information for 
2006 and 2007 at Delfzijl only (as a representative station of the entire eastern WS; see 
Section 2.5) has been retrieved through Waterbase for use from Chapter 3 onwards. 
 
The following eight stations along the southern coast of the WS are chosen, ordered 
from west to east: Den Helder, Den Oever buiten, Kornwerderzand buiten (1933), 
Harlingen, Lauwersoog (1970), Eemshaven (1979), Delfzijl and Nieuw Statenzijl. The 
number in parentheses indicates the year of the first available record, if past 1930. 
 
In particular, Den Helder is influenced by the flow conditions at the west-facing inlet of 
Marsdiep. Den Oever and Kornwerderzand may be affected by the operations at the 
Stevin and Lorenz sluices in the Afsluitdijk respectively; it is reasonable, though, to 
expect that during high water levels, no discharge occurs through both the discharge 
sluices.  
Harlingen, Lauwersoog and Eemshaven feel a different degree of exposition to the open 
sea from the varyingly spaced Wadden islands and tidal inlets. However, while the shape 
of the Wadden islands changes appreciably in the timescales of decades too, a specific 
study of Alkyon/WL (2008) indicates that this has hardly any effect on the storm surge on 
the coast.  
Finally, Eemshaven, Delfzijl and Nieuw Statenzijl mark the outermost, middle and 
innermost positions in the long-stretching Eems-Dollard estuary, which is subject to 
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significant tidal excursions. Although to an unknown extent, the closure of the harbour’s 
northern opening in 1973 permanently modified the local conditions around the Delfzijl 
gauge.  
 
Figure 2.2 shows the year-record high water levels under discussion. The legend follows 
the location sequence in the WS coastline from west to east. Thick-coloured lines or full 
circles will refer to stations west of Lauwersoog; the black line refers to Lauwersoog 
itself; and thin-coloured lines or open squares refer to stations east of it. Only 
Kornwerderzand is not drawn there to keep the plot readable. 
 
Table 2.2 contains the corresponding numerical values (in cm). 
 
Table 2.3 contains the dates when the year record occurred at each station. This is 
preliminary to understanding whether each local record belonged to an extended surge 
over the entire WS (certainly caused by extended winds), or affecting just regions of it 
(after either extended winds with some selective straining feature, or downright local 
winds). These data are processed next with linear-fit analyses. 
 

2.3 Splitting the Wadden Sea based on year-record responses 
Here we tackle the question whether an ‘eastern’ (WS) actually exists as far as the basin’s 
hydraulic behaviour is concerned and, also, in a statistical sense. An appreciation of the 
actual geography supports the internal division of the Dutch Wadden Sea into two sub-
basins. The conventional division between a northwestern and a northeastern Dutch 
coast acknowledges this. However, determining whether and how far this is extendable 
beyond intuition to issues of water defence needs more rational a support. (To our best 
knowledge, no attempt to draw a division concerning wave climate exists.)  
 
We, therefore, enquire the historical records of yearly highest water levels in a number 
of stations within the WS. This allows us to access a readily usable database covering the 
whole basin over several decades. The following cases are under sight to gain more 
knowledge on the WS ‘behaviour’: 

•  Extended water-level rises happening (simultaneously) after extended winds that 
had the capacity to involve the entire basin at once. (Extended cause-extended 
effect.) 

•  Local water-level rises happening separately in the two sub-basins because of 
separate, extended winds that had some capacity to affect each sub-basin. 
(Extended cause-local effect.) 

•  Local water-level rises happening separately because of local winds that acted on 
either sub-basin separately. (Local cause-local effect.) 

 
This may enable us to understand whether there are hints of any tendency for 
 a) The western/eastern sub-regions to react differently up to their own local records 
after different winds; 
 b) The two sub-regions to reach their own records after the same windstorms and yet 
produce some recognisable different response. 
 
This can be rephrased in the question: Were the surges in the eastern WS mostly local or, 
rather, extended? Were the corresponding windstorms local or extended? In practical 
terms, the fully-local outcome might entail a reduction of the database to look at. 
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Lauwersoog is chosen as pivot station for a basin-wide analysis on account of its position 
halfway the WS coastline. It is also a natural candidate to be a dividing point between 
the western and eastern parts of the WS, which is discussed in Section 2.4.  
 
Figure 2.3 shows the subset of water level data from 1970 onwards, normalised with the 
value at Lauwersoog. Thence: 

•  Yearly records at all three stations east of Lauwersoog are higher than 
Lauwersoog itself (+6% at Eemshaven; +17% at Delfzijl and +29% at Nieuw 
Statenzijl; all averages in the given time window).  

•  Such a regular water-level excess is expected in the easternmost stations because 
of their position farther inside the Eems-Dollard estuary, where the local 
geography favours water piling-up with considerable increase of water heights. 

•  The two westernmost stations show lower records in average (-20% Den Helder, -
8% at Den Oever).  

•  The averages at Harlingen (+1%) and Kornwerderzand (0%) are virtually the 
same as in Lauwersoog. However, the correlation analysis presented in the next 
Section suggests that this occurrence is not significant. 

•  The more jagged response of the westernmost stations may hint at the influence 
of local conditions (see also Harlingen in Table 2.1) as well as at more complex 
sea-level fields in the western WS under otherwise similar weather conditions. 
This is at least partly supported by the hindcast flow fields of the storms discussed 
in Section 4.3. 

 
Table 2.4 elaborates on Table 2.3 by presenting the time lag in days between the record 
day at Lauwersoog and those at the other stations. A difference within plus/minus two 
days is assumed to correspond to the same water-rising event. The background-colour 
coding at each entry highlights whether the time lag is within 2, 7, 30, 180 days or 
beyond. 
 
A reminder about the interpretation of Table 2.4 is in order here. Upon considering 
simultaneous records, we work on a conservative data subset for which a connection 
between the stations is granted. In fact, a year-record surge can appear as local, say in 
the eastern WS, either because a local windstorm raised the waters in the eastern WS 
locally; or because another windstorm local to the western WS raised the waters in the 
western WS more than an extended storm did in the entire WS. In other words, when we 
leave out local year-record surges from our analysis, we fail to check whether those 
surges were rather created by ‘hidden’ but interesting extended windstorms. By the 
same token, the surges we check are safely generated by extended windstorms. 
 
Data inspection shows that: 

a. The records of the year occurred at all stations during the same weather event in 
14 years in the 35-year window.  

b. The year records were hit on the same storm as at Lauwersoog in all but one 
station in four years (1970, 1977, 1980, 1997). The outlying station belongs to the 
western WS in any case – mostly, the westernmost station of Den Helder. 

c. The year records were hit at the same time as Lauwersoog in all but two stations 
in five years (1979, 1987, 1988, 2003, 2005). Then, some other events occurred 
that affected either the westernmost stations of Den Helder and Den Oever (2 
cases) – in line with group b just above –; or those of Kornwerderzand and Nieuw 
Statenzijl (3 cases) – which, in spite of the large separation, are prone to 
enhanced water piling-up under similar circumstances, as they both lay at corners 
facing north west. 
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d. The year records where hit at the same time as Lauwersoog in all but three 
stations in four years (1972, 1975, 1984, 2001) when other events affected more 
strongly stations farther west and east alike. In those cases Kornwerderzand pairs 
with the stations east of Lauwersoog anyway, regardless of whether a new 
record is hit in the western sub-basin or in the eastern one. This is line with the 
data of group c. 

e. The years when the record water levels were hit at same time as Lauwersoog in 
only three stations out of the seven were 1985, 1995 and 1999. (The data of 1972 
and 1975 may fall in this group just as well, since Eemshaven was not yet 
constructed). Here too, Kornwerderzand appears to follow the ‘fate’ of the 
easternmost stations. 

f. Additionally, in the calendar years 1990 and 1992, the datum at Lauwersoog 
alone differs from all others, which are simultaneous. It is possible that for 
northerly winds the waters entering the WS opposite Lauwersoog parted 
sideways leaving a minor surge locally – although the analysis of Chapter 3 shows 
that this was not the case in 1990. The datum of 1974 is a lone one too; at that 
time, by contrast, two different storms caused separate records in the stations 
either west or east of Lauwersoog. 

 
The above data can be summarised: 

•  The stations belonging to regions of the WS far apart one from another may be 
closely intertwined. 

•  The cases when at least all but two stations hit the record water level in the same 
occasion are by far the most frequent (23/35). Therefore, those ‘storms of the 
year’ were able to affect virtually the entire coast with the greatest strength at 
all places. 

•  Only in fewer cases (7/35), the highest water levels in the year occurred 
separately in relation to storms selectively stressing the sub-basins west and east 
of Lauwersoog, irrespective whether this happened by local or extended storm 
winds. 

 
Therefore: 

•  Splitting the WS into two sub-basins on the grounds that separate storms exist 
that preferentially challenge either sub-basin seems to have no sound basis. This 
supports the indications for the computation of the HBC. This may be the case at 
times, but, as a rule, the WS should be regarded as entirely exposed to extended 
storms. These may bear some features that make them particularly severe on 
either sub-basin.  

•  That local record-making storm winds are an unlikely occurrence looks even more 
reasonable considering the nature of year records in themselves, since a locally-
generated record may have outscored extended events by however large or small 
margins. Therefore, important extended events are likely to have occurred each 
year all the same. 

•  The WS division into sub-basins based on separate surges, suggested by the top-5 
events of Table 2.1, is best explained by the occurrence of extended storm winds 
having features that made the hydraulic response particularly severe in either 
sub-basin.  

•  Due to the extended, basin-wide nature of those storms, the features of the 
winds resulting in a particular hazard over the eastern WS may have not been 
the most obvious ones (say, sole northerly winds).  
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•  In fact, spatial and temporal variations of the wind field and the dynamic 
response of the waters have probably often redistributed the ‘hazard’ over the 
entire basin.  

 
The last three points, indeed, connect to the subsequent analysis of Chapters 3 and 4, 
which support such a picture. 
   
So, after having looked at when year records occurred, we may rule out that each sub-
basin is preferentially challenged by local windstorms in relation to the generation of 
severe surges. The whole database of water heights, therefore, must be enquired. This is 
in line with the conventional, and customarily regarded as conservative, approach used 
to scale up basin-wide storms. 
In consequence, a dividing line at/near Lauwersoog should be tested based on different 
responses (that is, water heights) of the eastern and western sub-basins to whichever 
event generated a year record there. This is the content of Section 2.4.  
 

2.4 Is Lauwersoog a valid candidate as a boundary between 
the western and eastern Wadden Seas? 

By considering events pushing the WS up to record water levels simultaneously, we now 
check how closely the year-record water levels at selected stations correlate with each 
another.  
A systematic difference may indicate that the WS tends to split its response somehow 
‘structurally’, for example based on geographical and morphological features, even as 
the water circulation involves the basin as a whole. This will also help us understand the 
geographical limit within which our findings apply. Whether this division holds in scaled-
up storm conditions is altogether another question though; the indications from Alkyon 
(2007) suggest that this is the case at least for westerly and northwesterly winds. 
Within this study, we use linear correlations between water heights alone. Further 
insight, not pursued here, might be gained by correlating the measurements at each 
station with the orientation between the coast and some significant wind sector.   
 
Table 2.5 shows the high-water records of each year in the WS stations, provided they 
were attained at the same period of the record at Lauwersoog. (This is obtained by 
blanking out Table 2.2 with a matrix of factors mapped from Table 2.4 having 0’s for 
time lags longer than 2 days and 1’s elsewhere.) All non-zero water heights in a row are, 
therefore, simultaneous and can be correlated statistically.  
 
Table 2.5 generates the history plotted in Figure 2.4. Observing the locations of the data 
points for each year, the graph also bears a hint on the extension of Lauwersoog’s 
record-generating events upon the other stretches of the WS coast. 
 
Figure 2.5 shows the scatter plots of the record-of-the-year water heights at Lauwersoog 
against the simultaneous records at Kornwerderzand, Harlingen, Eemshaven and Delfzijl. 
Linear trends are shown with the same colour coding as data points.  
Of course, part of this correlation is due to the fact that the tide has a systematic effect 
in spite of its change along the coast. For the same reason, the variations in the 
coefficients of determination R2 can be attributed to the impact of storm surges.  
 
In addition to the coefficient of determination, the so-called F-statistic can assess the 
probability that the two data sets have different variances. This test checks whether the 
agreement of the least-square fit occurred by chance rather than by inherence in the 
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data. The higher of the value of the F-test is, the stronger the confidence is that the 
agreement is trustworthy. F-test values, not tabulated, are discussed within the ensuing 
text. 
 
In our case: 

•  The coefficients of determination R2 to the correlations of Lauwersoog with 
Eemshaven and Delfzijl are satisfactorily high (0.92, 0.93) and much higher than 
that those with Kornwerderzand and Harlingen (0.70, 0.71). This indicates that 
the records of the year in Lauwersoog are linked more simply and more strongly 
to those reached farther east, than to those of Harlingen, farther west.  

•  The low coefficient of determination at Kornwerderzand confirms that the same 
average water level as in Lauwersoog is not sufficient to infer a statistical 
similarity between the stations (as seen in Section 3.3). 

•  The F-tests worked out for the linear fits yield values of 55 and 61 for 
Kornwerderzand and Harlingen, and of 214 and 339 for Eemshaven and Delfzijl.  

 
Figure 2.6, in the same line, shows the scatter plots of the simultaneous record-of-the-
year water heights at Harlingen against Den Helder, Den Oever, Kornwerderzand (all 
west) and Eemshaven (east).  

•  The coefficients of determination R2 with the western stations (Den Helder, 0.87; 
Den Oever, 0.89; Kornwerderzand, 0.97) are higher than those with Lauwersoog 
(0.71) and Eemshaven (0.59). Contrary to Lauwersoog, the records of the year in 
Harlingen are more closely linked to those reached farther west than to those 
farther east. 

•  The F-tests yield values of 334, 495 and 1380 for Den Helder, Den Oever, 
Kornwerderzand, and of just 29 for Eemshaven. 

 
Therefore: 

•  A nominal division of the WS into a western and eastern sub-basin can be drawn 
at any artificial point between Harlingen and Lauwersoog.  

•  The division should be intended as the result of this one statistical analysis, which 
depends on the particular parameter selected and on the extent of the data set. 
Care should be taken to extend such a division to other specific features. In 
particular, this will be questioned later in Chapter 4 when dealing with the 
hindcast of time-varying storms. 

•  Lauwersoog itself can be regarded as a station belonging to the eastern WS, and 
Figure 2.3 also suggests that its year records are the lowest in the eastern WS, 
probably because it is the most sheltered station there. 

•  Kornwerderzand is strongly correlated with Harlingen as long as the high-water 
record happened in either place at the same time. Recalling Section 2.3, however, 
Kornwerderzand is more often linked to the events of the eastern WS. This 
suggests that further insight into the subdivision of western and eastern WS, not 
pursued here, might be gained by relating the measurement at each station, for 
example, with the orientation between the coast and some significant wind 
sector.  

2.5 Are the events at Delfzijl representative of the eastern 
Wadden Sea? 

Table 2.6 shows the time lags in days between the dates of the records at Delfzijl and at 
the other stations. The same classification used for Table 2.4 of Lauwersoog applies. 
Unlike at Lauwersoog, the time coverage begins in 1930. Data from 1933 onwards are 
used. 
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The year-record water levels at the WS stations, which were hit on the same event at 
Delfzijl, are shown in Table 2.7. These data are further processed to determine the linear 
correlations of the measurements at Delfzijl with those at Harlingen, Lauwersoog, 
Eemshaven and Nieuw Statenzijl. This results in coefficients of determination R2 of 0.55, 
0.94, 0.98 and 0.94 and in the favourable F-test values of 61, 339, 911 and 1011 
respectively. 
 
These results suggest that: 

•  The much higher F-tests for Eemshaven/Nieuw Statenzijl are arguably a 
consequence of the shape of the estuarine region and its channelling effect on 
the incoming tide and storm surge, which reduces the degree of randomness in 
the correlation.  

•  The coefficient of determination of the Delfzijl and Lauwersoog data sets is high 
and comparable with those of other estuarine stations. Since Lauwersoog is 
located well outside the Eems estuary, this lends credibility to regarding the 
entire eastern WS coastline, from Lauwersoog to Nieuw Statenzijl, as a unitary 
sub-basin in terms of hydraulic response too.  

•  Expectedly, the year records at Delfzijl and Harlingen are loosely correlated, even 
if occurring on the same event, on account of the large distance between the 
two sub-basins. 

 
Therefore: 

•  The weather events engaging the eastern WS in the period 1933-2005 affected 
the stations in that sub-basin with a consistent impact, and we do not need 
pursuing a division in further sub-basins. Only one water-level station can then 
represent the whole sub-basin. 

•  The inspection of the highest water levels at Delfzijl alone, therefore, allows us 
to select which events have mostly challenged the entire eastern WS. We shall 
also be able to extend our findings to the other locations in the sub-basin with a 
fair degree of confidence. This is the operational indication that leads us further 
into the next chapter. 

 

2.6 Effect of mean sea-level changes 
The previous data are of overall water heights (above the Amsterdam mean level) 
inclusive of storm set-up, tidal excursion and mean sea level height.  
 
The year-average sea levels at the chosen WS stations have been retrieved from the 
Waterstat service, and those in the years 1930-2005 are shown in Figure 2.8. The dashed 
line is the linear trend for the Delfzijl data.  
Thence: 

•  While there is a clear raising trend, simple linear fits do result in low coefficients 
of determinations (between 0.15 and 0.53) and low F-test values for all stations. 
Thus, basic modelling options to take this effect into account are not viable. 
There is, however, a definite trend and a strong correspondence between highs 
and lows at every station. 

•  Alternatively, considering the histories of the offset between the year-record 
level and the mean sea level during that year (i.e. the difference between plots 
2.2 and 2.8) leads to water heights differing by ±0.02% in standard deviation 
(the maximum incidence of 10% occurs for one event at Den Helder). Therefore, 
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mean-sea-level changes are, to a good approximation, secondary effects for 
surges. 

•  The histories appear noticeably jagged with deviations up to ±15 cm roughly. 
Such deviations might result from the yearly cumulative effect of storm events, 
which had favoured basin filling or emptying, as well as from the 18.6-year tidal 
cycle that has been shown to be relevant at least in Westerschelde estuary 
(Alkyon, 2007b).  

•  In principle, storms scattered well over the year leave enough time for the storm 
surge to return into a ‘relaxed’ sea state (where astronomical effects dominate), 
thus driving the piled-up water back towards the North Sea. Conversely, a 
particularly strong storm may be more severe on the water defences, if the wind 
set-up has already risen due to lasting favouring winds in the previous days.  

•  Since we took the avenue of focussing on record events only, we leave this as a 
matter of separate concern. 

 
The (arithmetic) separation of tidal excursions from the water level will be undertaken in 
Chapter 3, where we get into the details of each storm we selected.  



Simulations of storm winds, flows and waves in the Wadden Sea 10 Nov. 2008 
 

 

file: A2108R1r4  17  

 

3 Event analysis 
In Chapter 2 we have found that the year-record water levels in the eastern WS are an 
‘internally consistent’ hydraulic response to arguably extended storm winds. Thence, two 
more questions arise whether it is possible to associate confidently the occurrence of 
maximum water levels in the eastern WS to particular kinds of storms; and to determine 
which the enhancing features in the speed and direction patterns of those storms were. 
 
In this chapter, we leave the statistical approach behind and consider individual storms 
and surges by making use of hour-scale wind, tide and water-level data. Here,as 
concluded in Section 2.5, we only refer to Delfzijl. The following tasks are carried out: 

•  First, we find the events of interest for which detailed data are available. This is 
done in Sections 3.1 (water) and 3.2 (wind) wherein we face a certain restriction 
of the initial database to a few recent water-level records. This is also preliminary 
to next Section as well as to Chapter 4, where the wind-action schematisation 
and application of Rijkswaterstaat’s model train to four particular events is 
discussed. 

•  Secondly, in Section 3.3 we inspect the histories to understand the common 
features that caused remarkable storm surges on the eastern WS coast.  

•  Finally, we draw conclusions in Section 3.4. 

3.1 Water level measurements 
As a practical approximation, the wind-generated water level (set-up or set-down with 
respect to the mean sea level) results from the difference between total water levels and 
tide.  
 
The history of water levels at the Delfzijl station is available from the Waterbase service. 
We retrieved the measurements from 1 Jan 1981 (as early as the first available wind 
datum at Huibertgat) until 21 Jan 2008 (the latest water datum available at the time of 
writing this chapter). The measurements until 31 Jan 1986 were taken at 1-hour 
intervals, and those thereafter at 10-min intervals. 
 
We computed the tidal oscillations with the TIDE tool in the DELFT3D package by using 
31 tidal constituents from the 2005 Tide Charts at Delfzijl (Getijtafels), deemed 
applicable to the period since 1981 without invalidating the conclusions of this study.  
These values account for a compensation for the mean sea level of 10 cm above the 
normal Amsterdam level (as of Section 2.6). Set-ups and set-downs will then be with 
respect to the reference level. 

3.2 Constraints from the wind-measurements availability  
The wind histories are retrieved from the HYDRA on-line database. Those recorded at 
Texelhors (Station 229) and Huibertgat (Station 285) have been regarded as the most 
relevant to this study on account of their sea-facing locations in the western and eastern 
WS (thus being unaffected by land effects in ordinary storm conditions, and covering 
basin-scale storms; see map of Figure 2.1). 
 
The dataset comes with a temporal restriction too, since to date the Huibertgat coverage 
spans the period from 1 Jan 1981 to 31 Jan 2007 only. No alternative for a wind station is 
possible that brings the same desirable features as the pair above.  
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Table 3.1 contains the year-record water levels at Delfzijl since 1877 sorted by water 
height, wherein the entries in boldface show storms for which HYDRA wind histories are 
available. The column layout connects to the local exceedance levels set by the ‘Final 
Average 1991.0’ currently available from the Waternormalen pages. 
Thence: 

•  The exceedance water levels at Delftzijl are 560, 495, 435, 350 and 300 cm for the 
1 per 1000-, 100-, 20-, 2-year and 2 per 1-year events orderly (Source: 
Waternormalen). 

•  We hold wind measurements of just 3 records out of 12 causing water levels 
higher than 400 cm, namely 2006 (YR 1), 1994 (YR 9), 1995 (YR 12). The histories 
available to date do not cover the storm of 9 Nov 2007 (YR 11) yet – hereinafter, 
the YR coding in braces refers to the ranking in the year-record dataset since 
1877. 

•  Only 6 storms are available out of 21 reaching water levels between 350 and 400 
cm, namely 1990 (YR 15), 1981 (YR 16), 1983 (YR 17), 2000 (YR 20), 1999 (YR 27) 
and 1993 (YR 37). Here, we chose to concentrate on the top three events. 

•  Incidentally, the momentous event of 1 Feb 1953 scores a mere 49 at Delfzijl.  
A previous hindcast of Alkyon’s (2007) already dealt with the event of 1 Nov 2006 (YR 1) 
with particular emphasis on the western WS. 

3.3 Interpretation of measurements 
The wind records of the first six storms in the period 1981-2006 are therefore selected for 
an in-depth analysis, so as to single out the features that made them particularly 
effective on the eastern WS.  
The initial steps to do so are: 

•  Framing of a large-size time window covering 14 days before and 7 days past the 
day of the year record (record day), resulting in an overall width of 22 days. The 
time range is measured in fractional days starting from midnight of the record 
day, which is thus always represented by the interval (0,1). This is at slight 
variance with the customary usage to track time with ordinal numbers for whole 
days, but is deemed convenient to carry out a comparative analysis.  

•  Comparison of the wind speeds and directions at Texelhors and Huibertgat. 
Owing to the position of either station, this enables us to visualise the spatial 
gradients of the windstorm – and so substantiating the inferences from water 
level records of Section 2.3.  

 
After doing so, Figures 3.1 to 3.6 show the measurements of wind speed and direction 
for those storms. The grades of the Beaufort scale (B) reported in the right-hand 
ordinate axis follow the empirical formula: speed = 0.836 B3/2 m/s. The figures also 
contain the histories of the water level and (tide-free) surge plotted on the lower graph 
with a separate scaling.  
 
At a glance, the following broad temporal patterns stand out: 

•  The storms were extended weather events, as Texelhors and Huibertgat behave 
very closely. Expectedly, those storms had to be part of large-scale 
meteorological events affecting the entire WS. The wind gradients were nearly 
uniform across the eastern and western sub-basins. A phase shift between the 
measurements is present, because the time taken by the air masses to move from 
the upwind to the downwind stations. For convenience, we can thus refer to the 
Huibertgat measurements alone. 

•  The storm winds are characterised by a more or less sharp increase of the speed 
from Bft 5 (‘fresh breeze’) up to a peak above Bft 8 (‘fresh gale’) or even 10 
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(‘whole gale/storm’) in the lapse of 24 to 48 hours. Thereafter, either a plateau of 
speeds of Bft 7-8 follows the peak for 24 to 48 more hours, or the speed quickly 
plunges back into the region of Bft 5.  

•  The water levels (orange line) clearly feel the tidal excursions, and the tide-free 
surge (green line) appears to follow the wind rise and peak during the storm. 
The surge peak normally lags behind the wind peak by 2 to 14 hours (the delay 
is, of course, also a result of the separation between the particular measuring 
stations). The inspection of the entire 22-day range shows that this 
correspondence of wind-speed and water-level peaks does not hold at all times 
though. Therefore, by providing enhanced energy transfer, strong speeds are a 
necessary but not sufficient requisite to generate surges; the wind direction 
should be included too. 

•  In terms of directions, the storm winds seem to be approximated by a sequel of 
more or less rapid anticlockwise and clockwise swings (plunging and rising tracks 
in the plots) that result in an overall rotation from the S-SW towards the NW-N 
octants. The wind speed normally relaxes during the anticlockwise rotation and 
increases during the clockwise one.  

 
3.3.1  Structural features  

The structure of the six storm winds is shown by the scatter plot of wind speed and 
direction in the 5-day interval (-3.0,+2.0) days in Figure 3.7.  

•  All winds with speed higher than 15 m/s blow from the SW to N octants.  
•  The peak speeds are not necessarily the northernmost ones. 
•  The storm of YR1 2006 is different from the others for its more frequent 

measures in the N octant than other storms, although its wind speeds are not the 
highest ones. 

•  Conversely, the event of YR15 1990 shows considerably high southwesterly and 
westerly winds.  

•  As shown next, the last two events nonetheless generate virtually the same 
maximum tide-free surge, also in spite of different temporal patterns (Section 
3.3.2). 

 
The scatter plots of tide-free surge levels versus wind speed and direction of Figure 3.8 
provide further insight into the connection of air and water events. The plots refer to 
the same data subset as above. Care should be taken on reading these plots, since the 
inertial delay between the action of the wind and the response of the water causes a 
time shift between the histories, which is not accounted for here. In addition, since most 
of the water data are available on 10-min intervals, the hourly wind data are contrasted 
to the highest water level in the hour. Overall, the connection of those simultaneous 
data is not exactly of a cause-effect type, and we should allow for a region of 
uncertainty around the data points. Nonetheless, the data points already offer a useful 
indication of the ranges involved in each event. With this caveat in mind, we notice that: 
For water levels: 

•  The rankings in terms of total water levels and of tide-free surges are different. 
An additional S-sorting, where S stands for surge, is used in the legend, the 
ranking being limited to the six storms under examination. The highest surge 
level belongs to YR15 1990 (352 cm), followed by YR1 2006 (351 cm), YR9 1994 
(312 cm), YR17 1983 (301 cm), YR16 1981 (300 cm) and YR11 1995 (294 cm). 

For wind speeds: 
•  Storms ranked according to the peak wind speeds are not in the same order as 

storms ranked according to peak tide-free levels, but rather they do so in the 
1990, 1983, 1995, 1994, 1981 and 2006 row. Since no same grading, let alone 
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proportionality, holds between the peak wind speed and the highest tide-free 
surge, the peak speed cannot be taken as a scale quantity of the storm 
effectiveness – at least, in the particular conditions of the eastern WS.  

•  Surges higher than 250 cm mostly occur with (but, strictly speaking, not because 
of) wind speeds higher than 15 m/s. 

•  A notable exception is the YR17-S4 1983 event, where the wind blows at its 
strongest while the water surge level is lower than 50 cm (probably being ahead 
of the water peak). However, the wind measurements at Huibertgat are 
interrupted, and conclusions are uncertain. 

For wind direction: 
•  Set-ups of 100+ and 250+ cm both occurred for winds blowing from the W-to-N 

sector; only for YR15 1990 southwesterly winds happen at the same time of tide-
free surges of 150+ cm.  

•  Set-downs smaller than 100 cm rather occurred for all wind directions, most likely 
as a result of southeasterly winds pushing the waters away from the Delfzijl 
shore or of the free-surface adjustments to the general circulation.  

•  Winds in the W-to-N octants generated set-downs very occasionally.  
 
3.3.2 Temporal patterns  

We recast the above information according to each event sorted in calendar order. As 
usual, the Beaufort forces apply to intervals of wind speed, and the tacks shown in the 
plots indicate the upper speed in each interval.  
 
A storm needs delimitation to be described. Ideally, a wind sharply rising/dropping above 
say Bft 6 with a definite directional behaviour clearly marks the beginning/end of a 
storm-like event. In fact, this is mostly the case. In less pronounced instances, where for 
example another lead storm makes the demarcation less neat, the inspection of the tide-
free water levels help delimit a storm event based on its effects. Within this section a 
qualitative delimitation is sufficient, while a quantitative procedure is proposed in the 
wind-simplification exercises of Chapter 4. 
 
All clock times are given in the Central European Time (CET) zone. As a reminder, wind 
data are of Huibertgat, and water data are of Delfzijl. 
 
1981, 24 Nov (Figure 3.5) 
Peak wind speed:             24 Nov 03:00, 22.5 m/s 270 deg (W) 
Highest total water level:          24 Nov 09:00, 389 cm 
Estimated highest tide-free surge:        24 Nov 17:00, 300 cm 
Estimated surge set-up at high water:     259 cm 
Year record number            16  
Range of frequency of high-water-level exceedance: 1 per 5-10 years  
 
The general patterns of wind speed and direction can be respectively described as a 
‘plateau sequence’ and a ‘swing-steady-swing’ mode.  

•  A lead storm begins around time -2.25 day (21 Nov) with winds rapidly rising 
from Bft 2 to 5 and then with a 30-hour period of steady WSW-ly breeze.  

•  At time -0.75 day (23 Nov), the wind rises further and holds on for a 12-hour 
period of nearly Bft-8 force (with one Bft-9 peak) oscillating within the W octant. 
Afterwards follows a 30-h period of NW-ly winds slowly decreasing to Bft 7.  

•  The storm then ends sharply around time 2.25 (26 Nov) with the speed dropping 
down to Bft 2 and the direction shifting gradually from NW to W. The overall 
duration is nearly 4 days. 
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Regarding the water response: 

•  There is no sizeable initial set-up. The set-up follows closely the wind speed 
pattern during the storm resulting in multiple water peaks.  

•  The maximum set-up occurs during low tide, while the maximum total level arises 
from the combination of high tide and a secondary set-up peak.  

•  Incidentally, a second total-level peak of 354 cm occurs at 22:00 of 24 Nov 
because of another secondary set-up peak in phase with the high tide.  

•  The considerably longer delay between the wind and tide-free surge peaks is 
probably a consequence of the plateau-like period. 

•  This storm creates year-record surges extended over the entire WS on the same 
day (Table 2.6 and 2.7). 

 
We note that the water level value of 391 cm reported by Waterstat service (see Table 
3.1) is 2 cm higher than that retrievable from the Waterbase dataset. This difference is 
immaterial. 
 
1983, 2 Feb (Figure 3.6) 
Peak wind speed:            1 Feb 15:00, 24.3 m/s 250 deg (WSW) 
Highest total water level:         2 Feb 02:00, 381 cm 
Estimated highest tide-free surge:      1 Feb 21:00, 301 cm 
Estimated surge set-up at high water:    217 cm 
Year record number           17 (22) 
Range of frequency of high-water-level exceedance: 1 per 2-5 years 
 
The general patterns of wind speed and direction can be respectively described as a 
‘triangular’ and a ‘one-clockwise-shift’ mode.  

•  The gauge at Huibertgat encounters failure at a point in the storm, whereby the 
end of the storm is based on inference from the Texelhors track.  

•  The storm begins at time -1.25 days (31 Jan) with the speed rapidly increasing 
from Bft 3 up to 9 and with a neat gradual rotation from SES to NW.  

•  The storm arguably ends around time 0.75 day (2 Feb 1983). The overall duration, 
therefore, is in excess of 2 days. 

 
Further: 

•  At the beginning of the storm there is a noticeable set-down of 91 cm sustained 
by the SES-ly wind.  

•  During the shift of direction, the set-up reaches a maximum of 301 cm followed 
by secondary peak of 290 cm, both in phase with low tide.  

•  The maximum water level is caused by the occurrence of high tide and a storm-
induced rise of 200 cm.  

•  During the entire development of the storm, the net increase of tide-free water 
level from the lowest set-down to the highest set-up amounts to a sizable 392 
cm.  

•  Simply adding the excess surge between the two peaks on top of the highest 
level gives a conservative estimate of the water rise, should extreme set-up and 
high tide happen at the same time. This superimposition in fact shall not take 
place, in view of the complex interplay of the wind action and bottom resistance 
with varying water heights that also affect the celerity of the travelling tidal 
wave. Nonetheless, this bears a hint that events like this one can potentially score 
pretty much as high as YR1 2006, since 381+(301-217)=468 cm (please note that 
we add the excess tide-free surge on top of the highest total water level; larger 
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estimates may be achieved if the tide-free surge is added to the spring-tide high). 
If exactly so, the exceedance frequency of this surge would have been just short 
of 2 cm from the 1-per-50-years threshold.  

•  This storm generates year-record surges extended over the whole Wadden Sea, 
namely on 1 Feb in the western part barring Kornwerderzand, and on 2 Feb in 
the eastern part including Kornwerderzand (Tables 2.6 and 2.7). 

 
We note that the water level value of 388 cm reported by Waterstat service (see Table 
3.1) is 7 cm higher than that retrievable from the Waterbase dataset. This unexpectedly 
degrades the YR ranking from 17 to 22. 
 
1990, 27 Feb (Figure 3.4) 
Peak wind speed:             26 Feb 14:00, 27.2 m/s 260 deg (W) 
Highest total water level:          27 Feb 00:30, 393 cm 
Estimated highest tide-free surge:       26 Feb 19:10, 352 cm 
Estimated surge set-up at high water:     226 cm 
Year record number            15  
Range of frequency of high-water-level exceedance: 1 per 5-10 years 
 
The general patterns of wind speed and direction can be respectively described as a 
‘peak + plateau’ and ‘swing + steady’ sequence.  

•  The core of storm is preceded, as early as time -4.0 days (23 Feb), by winds 
building up in speed from Bft 3 up to a peak of Bft 7 and shifting from S to SW in 
a sequence of clockwise and anticlockwise swings. This lead storm, however, does 
not cause any sizeable water rise. 

•  Around time -1.5 day (25 Feb), the storm sets on with speeds quite rapidly rising 
from Bft 5 up to 10 (a properly defined ‘storm’) and swinging between the SW 
and W octants. 24 hours after the peak, around time 0.25 (27 Feb), the wind 
slows down to Bft 7 and, then, a plateau of near-Bft-8 winds with steady WNW 
direction follows for more 24 hours. 

•  The peak wind speed is the second highest ever recorded at Huibertgat in the 
period 1980-2002 (that is the period covered to date by the online webpage at 
HYDRA). 

•  The storm terminates around time 1.75 day (28 Feb) with a sharp speed drop 
down to Bft 3 and a full-circle rotation of the direction. The overall duration thus 
varies between 3 and 5 days. 

 
Regarding the water levels: 

•  There is no significant initial set-up before the speed reaches its peak value at 
time -0.25 days (28 Feb).  

•  The set-up rises very quickly up to 340 cm in 6 hours and follows the wind 
pattern closely, which is perhaps the hint of a sensitivity of the water levels at 
Delfzijl to near-northwesterly wind sector. The highest set-up occurs during low-
tide conditions, which mitigates its potential impact.  

•  The maximum water level, instead, takes place because the high tide combines 
with a set-up of 226 cm sustained by the wind plateau.  

•  By the same approximate arguments as above, we can imagine that the total 
water level would have neared a value 393+(352-226)=519 cm, if the same 
maximum set-up had occurred nearly 5 hours later at the top of the tidal rise. 
That factitious value outscores the top record of 1 Nov 2006. We may also note 
that, in view of the set-ups having lasted for a few tidal periods, the combination 
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of extremes would have been less unlikely for this one storm than for that of 1 
Nov 2006, where there is no after-peak plateau. 

•  This storm was able to score year-record water levels at all the WS stations except 
Lauwersoog on 26 and 27 Feb – earlier for the western basin barring 
Kornwerderzand, and later for the remaining stations (Tables 2.6-2.7).  

 
We note that the record water level reported by Waterstat service (see Table 3.1) is 1 cm 
higher than that retrievable from the Waterbase dataset. This difference is immaterial. 
 
1994, 28 Jan (Figure 3.2) 
Peak wind speed:             28 Jan 06:00, 23.3 m/s 280 deg (W) 
Highest total water level:          28 Jan 11:20, 425 cm 
Estimated highest tide-free surge:       28 Jan 10:40, 312 cm 
Estimated surge set-up at high water:     288 cm 
Year record number            9  
Range of frequency of high-water-level exceedance: 1 per 10-20 years 
 
The general patterns of wind speed and direction can be respectively described as ‘peak 
sequence’ (bouts) and ‘swinging mode’.  

•  The core of the storm approaches in bouts (reaching Bft 7) with clockwise and 
anticlockwise shifts starting from time -3.0 days (25 Jan).  

•  Around time -1.0 days (27 Jan), the storm sets on with a wind rising once again 
very rapidly from Bft 5 to 9 in one shift from SW to NW. After the peak, while 
the speed decreases back to Bft 5 less rapidly, the northwesterly direction lingers 
for a while and then shifts back to SSW.  

•  The storm ends around time 1.25 days (29 Jan) with winds falling down to Bft 5. 
The duration is thus nearly 4 days. 

 
Regarding the water levels: 

•  There is no significant initial set-up as the storm begins.  
•  Because of the persistence of the northwesterly direction around the peak-speed 

period, two surge peaks of 307 and 300 cm can develop. The former is in phase 
with the high tide, while the latter is so with the low tide.  

•  The maximum water level (the second highest of this selection) takes place 
owing to the combination of high tide and a near-peak set-up. The amount of 
hazard latent in the time lag between extreme set-up and tide, therefore, is 
limited. 

•  After the storm a period of set-down follows, most probably as a result of 
moderate southwesterly winds. Trailing ‘storms’ of Bft-7 force follow. In the tail 
of Figure 3.2, easterly winds of force between Bft 5 and 7 cause a period of set-
downs in the order of 110 cm.  

•  This storm generated year-record water levels in the entire WS in the same 
event. 

 
1995, 10 Jan (Figure 3.3) 
Peak wind speed:            10 Jan 03:00, 23.7 m/s 290 deg (WNW) 
Highest total water level:         10 Jan 07:00, 403 cm 
Estimated highest tide-free surge:      10 Jan 07:10, 294 cm 
Estimated surge set-up at high water:    290 cm 
Year record number           12 
Range of frequency of high-water-level exceedance: 1 per 5-10 years 
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The general patterns of wind speed and direction can be respectively described as 
‘triangular’ and ‘two-swing mode’.  

•  The storm starts around time -0.75 days (9 Jan). The force raises quite rapidly 
from Bft 3 up to 8. The direction is firstly on its way to turn anticlockwise from 
NW to SW (against a more common association with rising speeds) and, then, 
again takes a clockwise shift towards NW.  

•  After the peak, the speed drops down to Bft 3 as rapidly as it raised, while the 
direction keeps on shifting farther to NW and then reverses to W. The storm ends 
around time 0.75 days (10 Jan). The duration is nearly 2 days. 

 
Regarding the water levels: 

•  There is no significant initial surge at the beginning of the storm.  
•  Interestingly, the water set-up begins to build up after time 0.0 day, just once the 

wind starts blowing from NW and farther northwards. The level rise is, therefore, 
quite rapid.  

•  The record water level is determined by the closeness of surge set-up and high 
tide. 

•  The storm is followed immediately by another bout of wind with a plateau of Bft 
6 (mostly NNW) and peak of Bft 7 (NNE), which has no other effect that 
sustaining a trailing set-up for 2 more days, similarly to the storm of 27 Feb 1990.  

•  This storm generated year-record water levels in the eastern WS only, adding 
Kornwerderzand. So, looking back at Tables 2.3 and 2.4 of that year, either this 
storm acted selectively on the eastern WS, or that of 1 Jan did so on the western 
WS. 

 
We note that the record water level reported by Waterstat service (see Table 3.1) is 1 cm 
higher than that retrievable from the Waterbase dataset. This difference is immaterial. 
 
2006, 1 Nov (Figure 3.1) 
Peak wind speed at Huibertgat:        1 Nov 04:00, 21.8 m/s 330 deg(NNW) 
Highest total water level:          1 Nov 06:40, 483 cm 
Estimated highest tide-free surge:       1 Nov 06:40, 351 cm 
Estimated surge set-up at high water:     351 cm (as above) 
Year record number            1  
Range of frequency of high-water-level exceedance: 1 per 50-100 years 
 
The general patterns of wind speed and direction can be respectively described as a 
‘gradual rise to a peak’ and as ‘one clockwise shift’.  

•  The storm starts around time -2.0 days (30 Oct). The force of the wind raises 
rapidly from Bft 2 to 5, and then less than linearly up to Bft 8. The wind direction 
correspondingly turns from SSW to NNW.  

•  After the peak, the speed drops rapidly down to Bft 3, while the direction shifts 
farther to N. The storm terminates around time +1.0 day (1 Nov 2006). The 
overall duration is thus 3 days. 

 
Regarding the water response: 

•  There is no significant initial surge at the beginning of the storm. While blowing 
from SSW farther clockwise, the storm initially causes some minor set-down that 
rises steadily up to the peak set-up.  

•  The record water level occurs after coincidence of the surge set-up and high tide, 
thus generating a so-called ‘tidal storm’. The latter is 35 cm short of the spring-
tide occurring a few days later. (We did not attempt to determine whether the 
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other top-5 storms of Table 2.1 were tidal storms as well, since they date back to 
years for which measured data are not as readily available. ) 

•  After the passage of the storm, the water levels are dominated soon again by the 
tidal oscillations. 

•  The Waterstat dataset available so far does not make it clear whether this 
extended storm has been able to score year-records all over the WS stations or 
just in the eastern part. 

•  The hindcast of this storm is presented and commented in Section 4.3.1.  
 

3.4  Does a prototype windstorm exist? 
To compare all six events devoid of cluttering details, we smooth the unsteadiness of the 
measurement by averaging the hourly wind data over 6-hour intervals. The time span is 
so chosen as to obtain a simpler representation of the temporal pattern while, on the 
other hand, still representing rapidly varying winds. This operation results into loosing 
some information within each quarter of a day, in the way of a raw equivalent of a low-
pass filter in the frequency domain (which would rather result in a continuous, rather 
than a step-like, curve). The precise algorithm for speed averaging (aiming at consistency 
of energy transfer) is commented in Section 4.2.3. ‘Averaged’ directions are more 
precisely the vector sums of the historical unit vectors to the wind directions. 
 
Figure 3.9 gathers the so-derived histories of wind speed and direction to all the six 
events. Thence: 

•  In spite of the variety of conditions ahead of the record day, the storm winds 
approached the day of the water-level record by accelerating and rotating from 
S-SW to NW-N at once.  

•  The peak wind, however, seems to blow before the storm wind reaches the 
northernmost direction. 

•  The part of rising winds takes approximately from 72 to 96 hours to develop to 
its peak value. 

 
Such features conveniently define a prototype for the storm winds that we have 
analysed. Already on qualitative grounds, this pattern, indeed, initially favours the water 
displacement from the western towards the eastern WS; it can reduce, if not inhibit, the 
outflow through the tidal inlets in the meantime (Alkyon, 2007); and, finally, pushes the 
water so accumulated against the coast while blowing northwesterly, or nearly so. This 
mechanism is in itself an implicit confirmation on the importance of the extended wind-
driven circulation during storm conditions in the WS.  
 
In terms of extremely schematic atmospheric processes, the prototype windstorm appears 
to be consistent with the motion in the upper atmosphere of a low-pressure core across 
the lower North Sea from west to east. Because the cyclonic (i.e. centred on a depression) 
circulation is anticlockwise in the northern hemisphere, the early winds approaching land 
belong to the south-to-west quadrant; whereas the latest ones belong to the west-to-
north quadrant. To the same degree of schematisation, the rising speed would be 
generated by pressure contours more narrowly spaced in the tail of travelling cyclone. 
 
A word of caution is in order here, since the prototype windstorm is based on the 
scrutiny of just six storms. This does not rule out that other possible storm systems may 
yield even more dangerous surges. More realistic schemes are accordingly more complex 
and require specialist competences. For example, useful insights can be gained by 
experience in modelling tropical cyclones. 
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3.5 Summary of findings 
In conclusion, from this event comparison it appears that: 

•  The inspected storm winds that generated surges in the eastern WS came with 
some similar broad features (a prototype windstorm), arguably associated to 
typical large-scale atmospheric circulation in the North Sea during the winter 
half-year. When nearing the water-record day, these all appeared to have 
consisted of winds with increasing speed and clockwise rotations across the SW-N 
sectors. Intuitively, a wind forcing of this kind favours the displacement of water 
from the western towards the eastern WS and then pushes the accumulated 
water towards the coast. This scheme can work as a prototype of the group of 
extended storm winds stressing the eastern WS (at least). 

•  Within this group, however, there exists a variety of equally effective realisations. 
This is exemplified by the YR1 2006 and YR12 1990 events, which resulted in 
virtually the same set-up in excess of 350 cm in spite of very different temporal 
patterns. Thereby, we should rule out the existence of one single temporal 
shape that is inherently more stressing than any other (a ‘warpath’ of the storm 
winds). At least, a few may be devised. In other words, the prototype windstorm 
is the basic pattern for several surge-generating storm winds – while each event 
may have had enhancing features limited in the deviation from the prototypical 
pattern. This commands a fair degree of prudence in anticipating extreme surges 
as a result of too simplistic storm winds (of them only, at the very least). 

•  The intuitive storm-wind categorisation according to speed and direction of the 
peak wind alone does not reflect its underlying complexity, which in fact has 
proved to be a determinant factor. In addition, there is no clear quantitative 
association between peak speeds, or a certain sector, and correspondingly high 
set-ups. In fact, the inspection of the path can override such first-order 
considerations.  

•  Whether additional patterns beyond the above group can be devised that cause 
comparable level of hazard, while being realistic, is an extensive topic that 
cannot be tackled here. In general, we warn that knowledge necessary to draw 
hindcasts may not be sufficient to draw forecasts. (For example: what can, or will 
ever, possibly cause northeasterly gales?) 

•  The circulation effects during extreme conditions are important, since they 
redistribute the potential hazard borne by storm winds over the WS or, 
equivalently, they make the most stressing storm wind elusive to a simple 
categorisation based on its effects. (This is confirmed by the vector plots of 
Chapter 4.) This reminds us that, on account of the interplay of the geographical 
shape and atmospheric circulation, the WS should then be regarded as a unitary 
body of water with an inherently complex behaviour.  

•  Singling out the most hazardous conditions for the water defences based on the 
measurements of total water levels is just a preliminary step, as coincidental low-
tide waters may have played down a number of interesting storm surges.  

•  To appreciate the degree of exposure to a latent hazard that those defences 
faced in the past, as well as to design plausible extreme storm conditions that 
may then be combined with an exceptionally high tide, it is highly 
recommendable to gain insight from the measurements of the tide-free surges 
rather. (The best illustration of this concept is perhaps the storms of 2 Feb 1983 
and 27 Feb 1990.) 
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•  In this respect, a general-purpose, publicly-accessible database for the historical 
tide-free surges at the Dutch stations would be a valuable tool for both hindcast 
and forecast studies in the future. For example, other than for having a 
repertoire of stressing conditions on the coast, such information could be of 
further use for understanding better the relation between the surge and pre-
existing lower levels for given wind conditions.  

•  More insight into the physics of the interacting storm surge and background 
water levels would be, therefore, needed to first assess and then forecast the 
latent hazard. This point may bring in relevant scientific and applicative 
outcomes. For example, it would become clear whether shifting a windstorm 
history in time causes the same wind induced surge independent of the tidal 
phase. 

•  The surge overhead results from the interplay of the wind action, resistive forces 
from the bottom, shoreline boundaries, and propagation of tide and 
perturbations over a water body with evolving water heights. It is therefore 
granted that those processes are not linear, and superimposing storm surge and 
tide is a working approximation of unknown accuracy. (Hints of storm sensitivity 
to the tide excursion appear in the surge signals commented in Section 4.3.1.) 
The above database would be instrumental to process the measurements at each 
station and shed light on whether, when and how tide and surge tend to 
combine in a way to enhance or reduce the total water height.  

•  That notwithstanding, a specific search of extreme surges may possibly add 
valuable cases to the inventory that has been dealt in this study considering six 
storms. Although those were purposely chosen to represent realistic critical 
conditions, seeking more confidence based on a larger number of events is 
certainly an initiative worth taking. 
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4 Numerical simulations of currents and water 
levels 
In this chapter, we assume that the readers are already familiar with the broad features 
of Rijkswaterstaat’s Model Train. The Model Train consists of three nested domains for 
the Continental Shelf Model (CSM), for the Southern North See (Zuidelijke Noordzee, 
ZuNo) and for the Dutch Coastal Waters (Kuststrook) respectively – the grids are shown 
in Figure 4.1. The nesting concept applies in space as well as in time, whereby each larger 
model yields the time-varying boundary conditions that force the smaller one through its 
open boundaries during the entire simulation time. In this project we used the off-line 
nesting mode, whereby the computation relative to each domain is run in separate 
simulations. The flow solver WAQUA (from the SIMONA 2007-01 update release of Feb 
2008) for the depth-averaged equations of motion actually determines the flow and 
water-level fields in every domain. We used WAQUA according to the calibration set by 
Rijkswaterstaat, with the bathymetry of 1999.  
 
In the simulations no use is made of Kalman filtering techniques, which are normally 
applicable for the operational prediction systems. This is impossible for synthetic storm 
winds, as no measured time series are available to guide the filter.  
 
In this chapter, we test a first approach to the key questions set forth in Chapter 1, 
namely 
KQ1.  How can historical storm winds be simplified into synthetic storm winds, which are 

easier to implement and run in water circulation models and still reproduce a no 
less severe, realistic scenario than that obtained with more detailed descriptions? 

KQ2. Which kind of inaccuracies do we make upon substituting real storm winds with 
artificial ones? 

 
To do so, it is necessary to decide the steps of a ‘simplification ladder’ that leads from the 
most realistic and complex to the least complex, and hopefully realistic enough, 
realisation. Such a decision-making process is open to alternatives almost at every stage. 
It seemed reasonable to proceed along the following blueprint, already appearing in 
Chapter 1: 

•  Firstly, we run the storm in hindcast mode, by considering the space- and time-
varying wind fields modelled by HIRLAM and implemented through the 
WAQWIND tool and SPACE_VAR_WIND instruction of WAQUA. (The solver 
automatically interpolates the wind data from the time interval at which they are 
available to the computational time step.) In terms of the classification set forth 
in Chapter 1, this corresponds to implementing functions of the type U=U(x,y,t) 
D=D(x,y,t) for the wind speed and direction respectively. Results are presented 
and discussed in Section 4.3.1. 

•  Secondly, we reduce the spatial variability considering uniform, but time-varying, 
storm winds by substitution of the HIRLAM fields with the Huibertgat history 
(readily implemented with the WIND instruction of WAQUA). This corresponds to 
implementing functions of the type U=U(x0,y0,t) D=D(x0,y0,t), where the subscript 
indicates the reference station from where data are sourced. Results are 
presented and discussed in Section 4.3.2. 

•  Thirdly, we reduce the wind unsteadiness by making either speed or direction 
steady, while letting the other follow its actual history. This means that the 
actual temporal profiles are substituted with ones with a square-like shape, 
similar to the so-called ‘box-car’ functions. The functional forms for the wind 
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forcing are, therefore, either U=U* and D=D(x0,y0,t) (square speed) or U=U(x0,y0,t) 
and D=D* (squared direction), where the asterisk denotes a replacement value. 
Many procedures for the steady-with-unsteady replacement may be devised. Our 
choices and results are presented and discussed in Sections 4.3.3 and 4.3.4. 

•  Finally, we combine the previous two simplifications and remove the 
unsteadiness of both speed and direction to build an extremely simplified storm 
wind – with functional form of the type U=U* and D=D*. Results are presented 
and discussed in Section 4.3.5.  

 
Regarding the choice of substituting unsteady historical patterns with steady, as opposed 
to unsteady, synthetic patterns we are aware that doing so may entail a somewhat 
overreaching simplification. In Chapter 3, in fact, we have realised that several historical 
storm winds generated the highest surge after a ‘prototype’ path that, broadly speaking, 
consisted of increasing speeds and clockwise shifting directions. In terms of 
schematisation efforts, this pattern gives a strong clue that the unsteadiness of speed 
and direction within the storm is an enhancing feature. Some loss of realism may result 
from removing the unsteadiness of the storm wind. Evaluating this is the aim of the 
numerical experiments discussed in Section 4.3. 
 
On the other hand, the reasons to work on steady ersatz wind are no less relevant: 

•  Firstly, the measurements themselves showed that no unique shape has caused 
water surges of comparable strength. The modelling possibilities increase 
accordingly and would deserve dedicated studies. 

•  Secondly, the degrees of freedom in creating a synthetic unsteady storm wind 
are many more than those at stake for a steady event. A substantial number of 
options would require ad hoc investigations even for a simple triangular profile 
(for example, the sensitivity to the beginning of the storm, the slope and the 
intervals of the speed increase and direction, the delay between maximum speed 
and northernmost direction – all this for the storm approach alone).  

•  Thirdly, by tackling the problem of wind simplification with tentative solutions of 
increasing difficulty, we hope to gain insight on hindrances and shortcomings 
that ought not to go overlooked as the investigation becomes more refined 
afterwards. While we deal with historical storm winds, a long-term development 
of the current findings is the substantiation of artificial wind profiles suitable to 
assess hazards in the eastern WS. 

•  Finally, a focussed investigation on unsteady, synthetic and realistic storm-wind 
profiles for the eastern WS may naturally be a stem of the current research to 
undertake using the present results as a stepping-stone. 

. 

4.1 HIRLAM database limitations 
The availability of HIRLAM wind fields imposes another restriction on the events to be 
hindcast with numerical simulations of the wind-wave-current system, as HIRLAM wind 
fields are currently available from the year 2001 onwards.  
 
From Table 3.1, pertaining to Delfzijl, the year records of 2001 to 2005 orderly rank 80, 
77, 79, 48 and 56. Therefore, in view of such a data shortage, occurrences of water levels 
higher than 333 cm (YR48 2004) should be retrieved from the Waterbase service in the 
period 2006-2008.  
On doing so, Figure 4.2 shows the daily highest water levels in the period 1 Jan 2006-21 
Jan 2008, whence:  
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•  The single event of 9 Nov 2007 caused the second and third highest levels of the 
period (421 and 379 cm in two consecutive days) – the first is, in fact, the record 
of that year (already included in previous Tables).  

•  The fourth largest value of 378 cm occurred separately in the two occasions of 12 
Jan and 18 Mar 2007, the second of which the HYDRA database does not cover 
yet. A comparison of those storms is perhaps worth undertaking once the 
relevant data become available. 

 
Therefore, the highest water levels in the period supported by HIRLAM occurred on: 

•  1 Nov 2006 (YR 1), 483 cm; 
•  9 Nov 2007 (YR 11), 421 and 379 cm; 
•  12 Jan 2007, 378 cm; 
•  9 Feb 2004 (YR 48), 333 cm. 

However, the HIRLAM dataset available at the time of this project only covered three 
days around 9 Feb 2004, which is not long enough to cover the onsets of a domain-wide 
developed flow once the initial conditions begin to force the ZuNo and Kuststrook 
domain, orderly.  
The event of 18 Jan 2007 (322 cm) was then chosen as a replacement of 9 Feb 2004, in 
consideration of its surge set-up being comparable to that of 12 Jan 2007 (around time 
0.0 and 7.0 days in Figure 4.3) and of the HIRLAM data being more readily available. 
 
Finally, the temporal coverage of the HIRLAM fields, plus the buffer times needed for 
the development of realistic flows after the initial conditions in the nested domains of 
the Model Train, put a constraint on the width of the time window that is simulated. 
Normally, for the Kuststrook simulations, this resulted in an 8-day period bracketing the 
record day. 
 

4.2 Event description 
Figures 4.3 to 4.5 show the speed and direction histories of 12 Jan 2007, 18 Jan 2007 and 
9 Nov 2007 orderly. (The time windows of the first two events overlap. The storm of 1 
Nov 2006 is described in Section 3.3.)  
 
The wind histories at Huibertgat and Texelhors around 9 Nov 2007 have been derived 
from the HIRLAM wind fields, as recognisable from the typical 3-hour data frequency. 
Those wind data consist of an alternate sequence of data extracted from 6-hourly 
measurements (and then interpolated to derive a data field) and of their projection in 
the next three hours.  
 
In order to delimit the core of the storm event, we use the plot of Figure 4.6 that shows 
the history of the mean cubes of the wind speeds over 6-hour intervals for each storm. As 
explained in more detail later in Section 4.3.3, the cubed wind speed is the scaling 
quantity for rate of energy transfer from wind into water. The storm is assumed to set 
on when the value sharply raises ahead of the record day and, conversely, terminates 
when it drops afterwards. This may include lead- and tail- storms around the period of 
the peak. 
 
The above criterion gives Table 4.1, which lists the storm’s nominal beginning and end, 
together with the frequencies of octants and speeds (in 4 to 9 Beaufort forces) while the 
storm wind blows. In view of the acknowledged importance of the storm-wind dynamics 
and of the interplay of wind speed and direction, the inspection of the histories should 
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always accompany the crude information from frequencies. This is however useful to 
gain an appreciation of the differences between the events at play. 
Thence: 

•  The storm of 1 Nov 2006 (YR1) is a prevalently northerly event (45%), although 
southwesterly winds are also active (28%) – and the northwesterly gusts (17%) 
were already shown to have the highest speeds (Section 3.3.3). The most 
frequent speed is in the range of Bft 6 (38%). Peaks in excess of Bft 8 are 24% 
and those in excess of Bft 9 are 6%. (We note that, in this case, the criterion 
pictured in Figure 4.6 included a range of Bft-4 winds into this storm’s period.) 

•  The storm of 12 Jan 2007 is a dominantly southwesterly event (53%) with no 
contribution at all from the northern octant. The most frequent speeds (45%) are 
Bft-7 strong, while those in excess of Bft 9 are just 2%. 

•  The storm of 18 Jan 2007 is a dominantly westerly event (64%), with most 
frequent speeds again of Bft 7 (34%), and speeds in excess of Bft 9 amounting to 
12%.  

•  The storm of 9 Nov 2007, finally, seems to be a dominantly northwesterly event 
(55%). Strangely, the most frequent speeds are in the range Bft 9+ (70%). Those 
values may be overestimating the plausible ones at Huibertgat, and they appear 
loosely related with the water-history at times. Also, the measurements of 8 and 
9 November 2007 published in a report of Modelit (2007) show that the wind 
speeds in slight excess of 20 m/s were occurring in that storm. However, the fact 
that the Huibertgat values are allegedly off target does not quite imply that the 
entire wind field is incorrect (and the commented flow fields of Section 4.3.1 
seem to support this). Such a discrepancy will rather have an impact over the 
wind simplification ladder of Sections 4.2.3 onwards, as it affects the 
correspondence to the HIRLAM-based hindcast with spatially-varying wind fields. 

 

4.3 Hindcasts and numerical experiments 
All discussions hereinafter concern results computed in the Kuststrook domain.  
 
4.3.1 Series 0: Hindcasts 

This Series includes numerical simulations carried out with space- and time-varying wind 
forcing. In this series, the astronomical forcing was included, whereby the model output 
consists of total water levels.  
 
Water levels at Delfzijl and Eemshaven 
 
Figures 4.7 to 4.10 then show the total water levels at Delfzijl during the four selected 
storms obtained with each model of Rijkswaterstaat’s ‘train’. The levels at Eemshaven, 
also shown, are from the Kuststrook model only. Both stations are compared with the 
relevant Waterbase measurements (green lines).  
From there: 

•  The loss of accuracy between the finest and coarsest results is generally 
moderate. The CSM results tend to exaggerate the water-level excursions more 
than ZuNo and Kuststrook do. This is expectable considering that such a coarse 
model is not meant to yield accurate results at a local scale from the outset.  

•  For the 1 Nov 2006 storm, the water-level peak is under-predicted by 66 cm at 
Delfzijl and by just 2 cm at Eemshaven. At Delfzijl, low waters are slightly under-
predicted ahead of the peak, with the differences increasing after it; high waters 
are mostly underestimated. At Eemshaven, instead, the agreement is rather good 
apart of narrower level excursions before the peak.  
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•  For the 12 Jan 2007 storm, the water-level peak is under-predicted by 17 cm at 
Delfzijl and over-predicted by 7 cm at Eemshaven. At Delfzijl, the other high 
waters are over- as well as underestimated; computed low waters are normally 
higher than measured; the excursions are narrower, and peak shifts of both signs 
exist. At Eemshaven, the peak is in phase and well captured; barring that, all 
other water highs are overestimated and lag a bit ahead of time; virtually all 
water lows are overestimated; the computed excursion seems more often 
narrower than wider compared to the measurements. 

•  For the 18 Jan 2007 storm, the water-level peak is within a 3-cm difference at 
Delfzijl and in excess of 12 cm at Eemshaven. At Delfzijl, water highs are 
overestimated although by small amounts; water lows are overestimated too, by 
sizeable amounts instead; the total level excursions are wider then measured, 
and the computations are ahead of measurements in terms of time shift. At 
Eemshaven, similarly, all water highs are overestimated by amounts larger than 
the water lows; the overall excursion are somewhat narrower than measured, 
and the computation cycle is slightly ahead of  the measurements 

•  For the 9 Nov 2007 storm, finally, both water-level peaks are markedly 
underestimated by 37 cm at Delfzijl and 31 cm at Eemshaven. At Delfzijl, the 
water highs are mostly overestimated before the peak and underestimated 
afterwards; low waters are overestimated by varying amounts; the computed 
cycle comes with narrower excursions than, and ahead of, the measured cycle. No 
substantial difference appears in Eemshaven. 

 
There is no consistent behaviour immediately apparent from the data, except for an 
increased loss of accuracy in the oscillation amplitude during the rise-and-fall phases 
around the peak. The reasons for the mismatching water-level peaks can be manifold. 
Their investigation is beyond the scope of this project, as they arguably relate with 
calibration issues. To mention a very few, inaccuracies can be present at source in the 
given bathymetry, wind boundary conditions, in the interaction model between wind 
and water, or be due to loss of information in the nesting procedure. (Modelling of tidal 
excursions does not normally pose particular difficulties.) For the time being, therefore, 
we shall make allowance for such initial discrepancies.  
 
Overall, the agreements of those hindcast results are acceptable, and the corresponding 
flow fields are used for the wave studies of Chapter 7. The corresponding tide-free 
surges are next shown in the plots of Sections 4.3.2 to 4.3.4. 
 
Velocity and water-height fields in the WS 
 
Figures 4.11 to 4.26 show the maps of the depth-averaged velocity vectors and of the 
water heights in the entire and eastern Wadden Sea. Four sets are selected per storm, so 
as to display the condition at chosen moments of interest, such as the times before or 
after the surge, of the wind-speed peak(s), of the highest tide-free surge, or of the 
highest total water level – depending on judgement.  
 
It is perhaps useful to recall that the direction of a depth-averaged velocity vector 
indicates the direction of the net flow rate over the water column whereas, 
diagrammatically, the actual on-surface flow is wind-driven and the deep flow is driven 
by the free-surface slope and topography.  
 
We also note that, in the flow maps, substantially high water levels often appear in the 
very proximity of the shoreline. Those are a consequence of the fact that for the solver 
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attributes a layer of a few centimetres over the shore cells subject to wetting and drying, 
which is then presented as water elevation about the reference. Although without effect 
in the calculations, this is a setting that is unwieldy to modify. So these nearshore 
irregularities of the water level should be ignored.  
 
We lean on Figure 2.1 as far as the geographical nomenclature is concerned.  
 
Figures 4.11 to 4.14 regard the event of 1 Nov 2006 (Figure 3.1) 

•  The flow field of Figure 4.11 is of 31 Oct at 6:00, a time before the approach of 
the storm wind. The flow field is tide-dominated, as apparent from the water-
level contours that are oriented normally to the propagation direction of the 
tide. The WS is emptying through the outward fluxes across all tidal inlets. 

•  Figure 4.12 shows the hindcast conditions 1 Nov at 4:00, when the measured 
Huibertgat wind is strongest (21.8 m/s 340 deg, NNW octant). Inflow into the WS 
occurs through all the tidal inlets except the Marsdiep. The inflow through the 
Vlie parts into a westward and eastward stream, thus separating the hydraulics 
of the two sub-basins – in a way consistent with the b statistical view of Chapter 
2. 
The accumulated water west of the Vlie leaves the WS through the Marsdiep 
with an intense deep flux (ostensibly driven by topography and by the 
favourable free-surface gradient of the surge). This also helps relax the surge 
strength against the westernmost coastline.  
The water east of the Vlie, instead, is channelled eastwards by the wind and 
coastline, also gaining further mass because of the inflow through the other 
inlets along the way. The alongshore stream is the most intense among the 
figures shown here. In particular, there is a substantial flux through the Eems 
tidal inlet. There, the orientations of both the wind and the underlying 
Ranzelgat enhance the water penetration by direct on-surface drag and reduced 
friction at the bottom. Part of the water masses into the estuary also comes from 
the Oosterems inlet, flowing southward along the German shore. So, 
considerable amounts of water are being transferred (‘deployed’) into the 
eastern WS and eventually channelled into the Eems-Dollard estuary.  
The free-surface contours show that the surge engages the whole coast. The 
contours in the easternmost WS are to a good approximation normal to the 
Huibertgat wind direction (the more expectedly so, the more the water is 
trapped into a semi-enclosed basin). The water levels in the innermost estuary 
are lower than in the intermediate part, showing that the surge is still travelling. 

•  The highest water heights at Delfzijl are measured at 6:40 of 1 Nov. The 
computed high occurs at 6:10. The whole process, involving the inertia of large 
masses, reaches its apex in the innermost estuary soon later at around at 7:00 
o’clock. Figure 4.13 refers to this moment. At this time the measured Huibertgat 
wind is 18.9 m/s fast from 340 deg (NNW). 
The motion of the coloured bands across the WS shows that, in the meantime, 
the surge has travelled farther east, causing lowering anywhere west and a 
further rise in the estuary. However, nowhere in the estuary does the water level 
reach the 5 meter mark, so showing that the underestimation of the measured 
data is not be sought after in local effects (only), but rather (also) in some 
features of the flow solver and/or forcing that fail in that area.  
The flow through all tidal inlets points seawards now, so emptying has already 
set on. By contrast, the depth-averaged vectors in the estuary are very small, 
indicating that the surface surge at its most severe is sustained by the balance of 
the opposing flows over the vertical direction. This near-equilibrium condition is 
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certainly sustained by the still high wind speed, in spite of the storm wind being 
in the after-peak phase. As before, the contours are nearly normal to the wind 
sector, thus suggesting that the slope of the free surface has adjusted to the 
wind shift quickly. 

•  The potential energy to empty the estuary is released by the following rapid 
drop of the wind speed. Already at 0:00 of 2 Nov (Figure 4.14), the flow in the 
WS is almost entirely dominated by the low tide, with water levels below the 
zero mark over large areas. At that time, the measured Huibertgat wind is 6.6 
m/s strong from 320 deg (NW). 

 
Figure 4.15 to 4.18 regard the event of 12 Jan 2007 (Figure 4.3)  

•  Figure 4.15 shows the tide-dominated conditions in the afternoon of 10 Jan 2007. 
•  The measured Huibertgat wind is strongest (19.4 m/s, 220 deg, SW sector) at 9:00 

and 10:00 of 11 Jan, during the first of three peaks. At that time, inflow into the 
WS occurs through the Marsdiep, Eierlandse Gat and the Vlie, and outflow does 
in all other inlets. While the wind blows southwesterly, the WS empties into the 
North Sea, and water levels are below the zero mark. Rising waters are 
approaching though, as apparent from the levels along the North Holland coast. 

•  At the time of the second wind peak (11 Jan 2007 from 22:00 to 24:00), the 
Huibertgat wind is 18.8 m/s strong and blows from 290 degrees (WNW sector). 
The effects of the change of direction and duration of the wind are immediately 
apparent. Figure 4.17 shows that the net flux through all the tidal inlets fills the 
WS. Unlike the storm of 1 Nov 2006 of Figure 4.12 (having a NNW peak 
direction), a stream-like flow develops all along the entire shore, and the highest 
water levels are confined in the western part of the basin in front of the 
Afsluitdijk and the Frisian coast. The alongshore current is the most intense 
among the figures shown. By contrast, the vector field in the eastern WS does 
resemble that of 1 Nov 2006, although the water levels are smaller by a factor 2. 

•  The time of the highest water level at Delfzijl occurs at 4:00 (Figure 4.18), while 
the wind blows 16 m/s strong from direction 290 degrees (WNW). This time is 
well captured by the hindcast. This is also a high-tide period.  
The flow through all inlets is clearly directed outwards, with the exception of the 
Lauwers/Eilanderbalg system and Eems Zeegat – the net inward flux is, anyway, 
modest there. Such an outward net flux seems arguably driven by the surface 
tilting so long as its slope is approximately normal to the inlets’ cross sections 
(Marsdiep, the Vlie and Amelander Zeegat). Otherwise, the outflow is driven by a 
combination of wind action and bathymetric channelling (Friesche Zeegat) 
 
As a result, the water of the western WS is driven eastwards across the Eems bay 
and flows over into the German sub-basins. The net flux into the inner estuary is 
thus modest. In this particular case, the peak of the surge is caused by the 
favourable alignment of the wind sector and estuary orientation that sustain the 
free-surface tilting. However, unlike the storm of 1 Nov 2006, the amount of 
water displaced and piled up into the eastern WS appears more limited. 

 
Figures 4.19 to 4.22 regard the event of 18 Jan 2007 (Figure 4.4) 

•  This storm is somewhat shorter than the others. Figure 4.19 shows the flow 
conditions ahead of the storm on 18 Jan 2007 at 0:00, when tide is the dominant 
process. The Huibertgat wind is 12.1 m/s and blows from 250 deg, WSW sector. 

•  The measured Huibertgat wind is the strongest at 12:00 of 18 Jan (21.3 m/s 240 
deg, WSW) – Figure 4.20. The typical tidal pattern is partly altered by the rising 
wind speeds, but the water heights are not significantly high. Inflow into the WS 
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occurs through the Marsdiep and Eierlandse Gat, and outflow does in all other 
inlets.  

•  The time of the highest tide-free surge computed at Delfzijl is shown in Figure 
4.21 – at time 18:00 of 18 Jan, which is 2 hours ahead of the corresponding 
measurement. At this moment, the wind is 18.5 m/s from 280 deg, W sector. 
There is net flux across all the inlets, and the surge is most severe in the 
Kornwerderzand-Harlingen stretch of coast.  
The water levels in the western basin are still higher than in the eastern one, 
whereby the surface slope works together with the wind at driving water 
eastwards. The flow within the WS is very clearly stream-like and carries 
increasing amounts of water that eventually flow into the Eems-Dollard estuary. 
Unlike the previous cases, the alongshore current is more intense than at the 
time of the peak wind speed. The net flux through the Oostereems inlet mainly 
flows into the German WS and does not feed the estuary. 

•  The time of the computed highest water level at Delfzijl is 22:00 of 18 Jan that is 
2 hours ahead of the measurements. (This is not a tidal storm.) The wind is 11.4 
m/s from 330 deg, NNW sector. Unlike the previous storms, the surge in the 
Kornwerderzand-Harlingen stretch has risen further, although the water levels 
now increase shorewards everywhere in the WS. The western WS empties into 
the North Sea across the inlets from the Marsdiep to the Friesche Zeegat. In the 
eastern sub-basin the flow is stream-like towards the east, whereas the net fluxes 
into the Eems-Dollard estuary are negligible – similarly to Figure 4.18. At the end 
of the storm, the free surface takes the tide-dominated shape (not shown). 

 
Figures 4.23 to 4.26 regard the event of 9 Nov 2007 (Figure 4.5) 

•  Figure 4.23 shows the peak-storm conditions according to the HIRLAM-based 
Huibertgat wind (8 Nov 10:00). The general flow conditions suggest the 
Huibertgat speed of 30.3 m/s is overestimated locally, as the flow field response 
does not appear to be proportionate to such a high speed. The highest surge 
affects the Frisian coast. There, net flux points away from the westernmost tidal 
inlets (from the Marsdiep to Amelander Zeegat) and into the easternmost ones 
(from the Friesche Zeegat onwards). An intense inshore flux fills the Eems-Dollard 
estuary with water. Similarly to the 1 Nov 2006 storm, the flux across the 
Oosterems forks and generates a branched stream into the estuary. 

•  At 5:00 of 9 Nov the computed tide-free surge is the highest at Delfzijl, 5 hours 
ahead of the measurements. The modelled Huibertgat wind is 17.8 m/s and from 
342 deg, NNW. At that time, the surge is engaging the entire WS with the 
highest levels occurring over the Balgzand area, near Den Helder. The WS is 
filling up through all the tidal inlets, more intensely so in the western part than 
in the Eems Zeegat. 

•  Figure 4.25 refers to 11:00 of 9 Nov when the computed total water level is the 
highest in the Dollard area (the computed record at Delfzijl is just one hour 
earlier than the measurements). The modelled wind at Huibertgat is 22.9 m/s 
from 328 deg, NNW sector. The surge has moved farther inside the Eems-Dollard 
estuary, while relaxes in the emptying western WS. An intense outflow has set on 
across all inlets. 

•  Figure 4.26, finally, shows the condition at 24:00 of 9 Nov 2007, after the storm. 
The wind is 21.7 m/s from 356 deg (N sector) – once again suggesting that the 
values of the modelled history at Huibertgat are not quite close to the historical 
realisations. The layout of the water-level contours is tide-dominated, and a high 
tide wave is affecting the coast of the Province of Groningen. The slope of the 
free surface gradient along the extension of the Eems estuary drives a net flux 
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out. This is also the case across the other tidal inlets, expectedly while the low 
tide is propagating from the Marsdiep eastwards. 

 
In conclusion, all factors anticipated to drive the circulation in a semi-enclosed shallow 
basin – that is wind drag, bottom resistance, free-surface slope and momentum exchange 
– appear actively at play during those storms. (Coriolis forces, also included in the 
modelling, are likely to play a lesser role.) The fields and histories of wind, water depths 
and levels do result in an evolving variety of situations that cause displacement of water 
in, out and inside the WS – and eventually the surge at the shore.  
 
To keep the information under discussion within convenience, however, in the 
remainder of the chapter, regarding the numerical experiments with simplified winds, 
we shall mostly refer to computed local histories of water levels. 
 
4.3.2 Series 1: The uniform unsteady storm wind 

The numerical experiments of Series 1 onwards present different degrees of 
simplification with respect to the hindcasts of Series 0. The specifications that will apply 
throughout in all that follows are:  

•  No astronomical forcing. The water output thus gives storm surges directly. On 
doing so, the tide is not combined with the storm-generated surge, and the 
interpretation of increasingly schematic results is made easier. This initial 
convenience, unfortunately, resulted in a limitation, since the only other station 
in the eastern WS of which the Tide Charts publish the tidal constituents is 
Eemshaven. We, therefore, cannot compare our results at Lauwersoog, which 
would have been probably a more interesting benchmark location, being farther 
away from the Eems estuary. 

•  Spatially-uniform, time-varying winds. We stress that uniformity in itself entails a 
consistent degree of simplification, since a wind with the same simultaneous 
characteristics blows over all the domains of the model train in face of their 
widely different extensions. This is discussed in Section 4.3.2. 

•  Wind histories based on the 1-hour measurements at Huibertgat (Figures 3.1, 4.3-
4.5). The only schematisation of the time evolution in place here consists of 
letting the wind blow with the measured value for 55 minutes of each hour and 
allowing for a smooth transition into the next hourly value. This step-like pattern 
is merely a legacy of previous operative choices, in alternative to letting the flow 
solver to interpolate the wind from one value to another with a piecewise linear 
interpolation during each whole hour. We regard this difference as secondary. 
(For the HIRLAM-base storm of 9 Nov 2007, the same applies to 3-hourly 
intervals.) 

 
The differences between the HIRLAM and the measured wind, at Huibertgat and 
Texelhors, for the 1 Nov 2006 event are shown in Figure 4.27. The agreement for the 
trends of those two stations looks acceptable. We note that the modelled speeds at 
Huibertgat are higher than the measured ones, and the peak of 24.6 m/s outscores the 
actual one of 21.8 m/s. However, the impact of this circumstance on the results is difficult 
to assess, in that we ignore whether the local Huibertgat wind is actually representative 
of the HIRLAM winds over the WS. A previous exercise of condensing the winds at 
Huibertgat and Texelhors, in order to build an artificial ‘Wadden Sea wind’, produced 
less good results (not reported here). 

 
Figures 4.28 to 4.31 show the comparison of the tide-free surges at Delfzijl and 
Eemshaven as obtained from the hindcast and these uniform-storm winds (only the final 
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Kuststrook profiles are presented). The difference between the curves represents the loss 
of information that we face because of the restriction in spatial variability and because 
of referring to the Huibertgat data alone (as opposed to an ideally existing optimal 
location). 
 
Overall, the wind schematisation may cause inaccuracies on the water levels of 
immediate/local origin (as the actual local wind was not the general wind that we 
applied uniformly) as well as of remote/delayed impact (as the circulation pattern has 
changed). These two components are intertwined in a complex way, and discriminating 
between the two is not viable. 
 
From the plots, the surges at Eemshaven follow the same pattern as in Delfzijl (only 
being reduced in amount and having smoother profiles). Therefore, we shall only 
comment on the Delfzijl results. 
For the 1 Nov 2006 storm 

•  The agreement is good on average before time -0.25 and after time 2.0 days. 
Inside that interval, instead, a nearly 6-hour long water-level plateau slows down 
the rise towards the hindcast peak. The computed highest water stays short of 
some 50 cm, and a zigzag sequence follows without correspondence in the 
hindcast. Upscaling the storm speed to compensate the 50-cm gap between the 
peak levels would be, therefore, viable, although the results should be taken 
with reserve by discarding the periods with more marked inaccuracies. 

For the 12 Jan 2007 storm 
•  The storm begins at time -3.25 days (slightly outside the plot window). The 

progression to the hindcast peak firstly consists in oscillations that are out of 
phase with the rises and falls from the hindcast by approximately half a tidal 
period. Then, after time -0.25 days, the twin-peak structure of the hindcast is 
captured although underestimated (the major peak is nearly 55 cm off over a 
height of 275 cm), and the lower oscillations after time 0.25 days do not match 
yet the hindcast ones. Finally, some better agreement holds just at the far end of 
the plot. Upscaling may reduce the peak mismatch only in the near-peak region. 

For the 18 Jan 2007 storm 
•  The agreement as far as time 0.5 days is good on average. While the water level 

rises to its peak, a low is missed out and two peaks of a sequence of three are 
captured. The highest peak is however underestimated by 100 cm, that is a 
sizeable one third of the hindcast result. The second peak is computed 
reasonably well although with a slight delay. Upscaling may reduce the peak 
mismatch, although it should be applied to the near-peak region only not to 
spoil the earlier agreement.  

For the 9 Nov 2007 storm 
•  The anticipated disagreement between the real, missing measurements and the 

history modelled by the HIRLAM field at Huibertgat becomes evident from the 
striking water-level mismatch between the hindcast and the uniform unsteady-
wind case. The surge in the hindcast actually follows the sequence of the HIRLAM 
wind reasonably well, but it finds no correspondence in the measured data – as 
seen from the water level peaks in the interval (-1,0) days. In spite of the lack of 
closeness to the measurements, however, the surge profile can still be used for 
the exercise of testing the simplification ladder. 

 
From the hindcast tide-free surges, it is interesting to note that, apart for the main 
water-level rise, several minor peaks often occur at interval resembling tidal periods. An 
interesting question, which we leave for future investigation, is whether and to which 
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extent this is influenced by the non-linear interaction between wind speed, baseline 
water level and storm surge. In Section 3.3 we have seen that this would be relevant to 
the reconstruction of the latent hazard hidden in historical storm surges. 
 
So, from this series of numerical experiments 

•  We experienced a systematic underestimation of the water-level peak by nearly 
one sixth to up one third of the hindcast value. 

•  The periods before the storm can be captured well on average at times, but not 
always. 

•  The mismatch is normally caused by oscillations that are absent in the hindcast, 
either because direct or remote effects caused by the different wind patterns. 

The consistent reduction of the water level and the alteration of the patterns suggest 
not using either this one or the following schematisation for further wave climate 
studies. Such results mark a dividing point in the development of this project.  
 
On the one hand, the surges artificially generated in the eastern WS by the Huibertgat 
wind agree with the hindcasts with a varying degree of success. This is not a fully 
satisfactory outcome, although more testing is probably necessary before regarding this 
conclusion as definitive (as said next).  
On the other hand, we may wish to know more before designing synthetic storm winds 
that aim at realistic as well as conservative indications on the surges, rather than at 
accuracy of details. Therefore, the further losses of accuracy caused by the simplification 
ladder with respect to the uniform-wind case are still worth discussing. This is covered in 
the next Sections. 
 
A working assumption of ours may have also played a role in the results we achieved.  
 
The flow in a model for coastal waters is determined by tide (neglected here), wind and 
open-boundary fluxes. The latter point indeed justifies the nesting concept of the Model 
Train. Thereby, the open boundary conditions in a smaller domain are a result of the 
flow in the larger, containing domain and, in turn, of the wind action on it. (This 
happens whether the open boundary conditions are set through water levels or though 
the direct specification of the current field.) 
In this numerical experiment, the Huibertgat wind has been applied to all three domains 
of the Model Train indistinctly. So, the flux at the open boundaries of the Kuststrook 
model also comprised of wind-driven currents generated away from the coast in regions 
where a local wind is not precisely relevant. However, at the same and one time, why 
such remotely generated currents should be co-responsible of the systematic under-
prediction of the surge peaks (rather than of an over-prediction, for example) is hard to 
assess. This point certainly deserves a more in-depth investigation. 
 
In fact, this study did not clarify possible interferences of simplified wind forcing and 
open-boundary fluxes. This would be possible by applying the Huibertgat wind to a 
restricted area encompassing the (eastern) Wadden Sea as early as from the flow 
simulation in the CSM domain. On doing so, the flow information imposed by each 
larger domain onto the smaller one can be surely regarded as local. 
 
4.3.3 Series 2: The square-velocity storm wind 

Here, no other specification that applies for any subsequent Series is added. 
Specifications particular to this Series instead regard the wind speed, since we depart 
from Series 1 by restricting the wind variability as far as the speed is concerned, while 
letting the direction vary in a realistic way.  
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The wind direction, therefore, changes in time according to the pattern of the 
HYDRA/HIRLAM hourly measurements at Huibertgat, as of Figures 3.1 and 4.3 to 4.5. 
 
In Chapter 3, we realised the peak wind is a clear indication of the storm’s presence but 
it is not the determining factor for the generation of a surge (in the eastern WS): 
instead, a ‘suitable’ combination of speed, direction and history eventually results in 
important surges in the eastern Wadden Sea. Once a storm has been delimited and the 
choice of a steady ersatz speed is made, the problem then arises of which wind speed 
other than the peak value should be taken as a representative scaling value. The shape 
of the speed profile will then be square, similarly to the so-called ‘box-car’ function.  
 
The wind speed history is simplified by assuming that the wind blows with two steady 
values, before and during the storm respectively. In addition to the replacement values, 
this schematisation needs to define the times of beginning and end of the storm, here 
taken from Table 4.1. For example, the application to the storm of 1 Nov 2006 leads to 
the wind speed profile of Figure 4.32 (in the body of the text). The replacement criteria 
are explained hereafter. 

1 NOV 2006 (YR 1) :: Measured and Energy-Conserving Wind Speeds
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Figure 4.32 Measured wind speeds and synthetic speed profile based on energy-conservation 
estimates. 
 
Approximate scaling arguments can help determine, at least in an approximate fashion, 
the speed of a steady wind that transfers an equivalent amount of energy transfer into 
the water basin for a given period. 
This follows the ensuing points: 

•  The wind-generated shear-stress on the water surface τwind is 
 
  τwind/ρ = CD U10

2, 
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where the dimensionless drag coefficient CD depends on the sea-surface state and 
wind speed in a complex manner. The quantity at the left-hand side is the shear 
stress per unit mass of air (hereinafter, we leave this normalisation understood).  
•  The work done by the wind on the water surface transfers kinetic energy into the 

water body across a unit area of interface at a temporal rate given by  
 
  Pwind = τwind Uwater  [W/m2], 

 
where Pwind is the wind power per unit area and Uwater is the surface water velocity; 
this neglects the angle between the vectors of the shearing wind and drifted water 
by assuming that those are aligned at all times. 

  
Since the present reasoning aims at providing a guiding criterion rather than an accurate 
description, it is acceptable to limit ourselves to scaling arguments. So we may assume 
that τwind/ρ ~ U10

2 and that Uwater ~ U10. Thereby, the scale for the wind power is simply 
 
  Pwind ~ U10

3. 

 
On referring solely to the scale quantity U10

3, rather than to the specific expressions for 
the wind power Pwind and surface velocity Uwater, we assume that simple proportionality 
holds over the whole range of applicability. This is the same as assuming that the 
coefficient for some particular sea state holds at all times, regardless whether sustained 
by the actual wind speeds. This coefficient-independent approach is, again, approximate 
and can be refined in subsequent analyses. 
 
The third (mathematical) power appearing in the scaling reflects the dominance of 
‘higher’ over ‘lower’ wind speeds in the rate of energy fed into the water. This supports 
the conventional choice of focusing on peak winds to define and study critical events in 
the Wadden Sea (for example, Alkyon 2007). To obtain a scale of the storm-wind action 
based on an estimate of the wind power, we tested the following procedure: 

•  Any temporal series of wind speed can be raised to the cube, so as to derive the 
history of the (scale of the) rate of energy transfer from the wind into the water 
over that interval.  

•  The average of this curve (the ‘mean cube’) is the scale of the power (‘mean 
power’) of a storm wind of steady speed that can transfer the ‘same amount’ of 
energy into the basin as the time-varying wind.  

•  The cubic root of the mean cube is, therefore, the speed attributable to a 
synthetic wind with, in some sense, the ‘same impact’ on the basin as the real, 
unsteady history. 

We refer to the above process as ‘cubic averaging’. Numerically, compared to the 
standard arithmetic mean, the cubic average plays down low winds and boosts up high 
winds in rapidly varying conditions: for example, the cubic average of the set (10,10,10) 
is the same as the arithmetic mean, while that of (5,10,15) is 11.4. 
 
Storm periods were defined in Table 4.1. The wind speeds before and during the storm 
resulting from the above criteria are the following: 

•  1 Nov 2006: 8.7 and 13.5 m/s 
•  12 Jan 2007: 11.2 and 14.6 m/s 
•  18 Jan 2007: 12.5 and 14.5 m/s 
•  9 Nov 2007: 15.1 and 22.5 m/s. 
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On doing so, therefore, the forces of the steady ersatz winds are smaller than the peak 
values, resulting in the same Beaufort range as the most likely speeds of Table 4.1. Some 
agreement between the surges generated by the square-speed and uniform windstorms 
can be recovered when the synthetic speed does not differ much from the historical 
values. In addition, a better agreement over wider periods may be obtained if the 
synthetic wind speed is derived not just from the power of the wind speed, but the 
effective rate of work done on the underlying waters (that which requires a closer look 
to the mechanics of the interactions at air-water interface.) The loss of information that 
we expect thereby will be thus attributable to the lack of details in the storm’s own 
speed variability rather than to an altogether arbitrary mismatch of the energy 
transferred from wind to water. 
 
However, the square speeds at play in each storm mainly belong to the same forces of 
Beaufort 6-7, whereby those numerical experiments give us clues on the effects of the 
historical wind directions in otherwise similar conditions. The resulting patterns of water 
highs and lows will result from the changing directions and from the inertial adjustments 
of the free surface that follow thereafter. 
 
The results shown in Figures 4.33 to 4.36 should be compared with the ‘parent’ case of 
the uniform unsteady storm (orange lines). The difference between Delfzijl and 
Eemshaven is one of detail rather than of character, so we shall comment on the former 
only.   
For the 1 Nov 2006 storm  

•  After the onset of the storm at time -1.75 days (30 Oct), an oscillation develops 
because of the rapid change of speed, which is eventually damped within 24 
hours. Then, a sequence of intervals with water levels in excess or defect of the 
uniform unsteady storm develops. These follow irrespective of whether the 
actual speed is smaller or larger than the cubic average. As a result, the main 
water-level peak is under-predicted by more than 50% of the parent case. 

For the 12 Jan 2007 storm  
•  The storm begins at time -3.25 days (8 Jan). The agreement is good on average 

before time -0.25 days (11 Jan). In contrast to the water-level increase of the 
uniform unsteady case, the square-speed oscillations keep on developing around 
its earlier average value and, therefore, they do not capture the rise to the peak 
at all. Afterwards periods of waters higher or lower than the uniform unsteady 
storm alternate. 

For the 18 Jan 2007 storm  
•  This storm sets on at time 0.25 days (18 Jan). The sequence of excess and defect 

water levels closely follows the proportion between the respective wind speeds. 
(Seen the duration of the storm is rather short here, it is also possible that the 
oscillation caused by sudden change of speed partly affects the water-level peak. 
After considering the results from the other storm, this effect should be 
secondary.) Therefore, the main surge is badly captured, while a secondary peak 
at 1.3 days (19 Jan) is captured well because of the matching wind speeds. 

For the 9 Nov 2007 storm  
•  The storm sets on at time -3.5 days (5 Nov, slightly ahead of the plot’s origin). The 

rise to the peak surge (black line) develops no higher than 250 cm against a 
target of 450 cm, and the three peaks of the hindcast (orange line) are missed 
out. A rough agreement holds afterwards for just a limited period. There is a 
certain resemblance with the behaviour the 1 Nov 2006 experiment in that the 
first peak is approached, but not quite reached, and the second one is completely 
missed.  
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Overall, the results show an expected further loss of realism in the hydraulic response. 
This confirms that, while peak speeds are not an entirely appropriate scale for the wind 
effects (Section 3.3), they are instrumental to generate the rising water levels, as perhaps 
easy to anticipate. The unsteadiness within the storm is, therefore, quite important. It is 
essential to realise that any synthetic profile of wind speed should include the main 
trends of realistic storms and include energy-consistency based, at least, on scaling 
consistency. 
 
4.3.4 Series 3: The square-direction storm wind 

In this schematisation the specifications of wind speed and direction are opposite to 
those of the Series 2. The wind history is again divided into the periods before and 
during the storm. Therefore, two spatially uniform winds with a realistic speed history 
blow from two fixed directions in place of the varying actual ones.  
 
The wind speed varies with time according to the unchanged pattern of the 
HYDRA/HIRLAM hourly measurements at Huibertgat, as of Figure 3.1 and 4.3 to 4.5. 
 
The most frequent wind direction for each period is selected (those within each storm 
are listed in Table 4.1). For all the storm winds in point, a prevalent (having frequency 
higher than any other does), if not dominant (having frequency higher than 50%), 
direction is chosen. An illustration of the result is shown in Figure 4.37 (in the body of 
the text). 
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Figure 4.37 Measured wind directions and synthetic direction profile based on highest frequencies. 
 
A few comments are in order here: 

•  The so chosen direction suffers from the drawback of not being necessarily 
associated with the ‘most effective’ wind period.  

•  Alternative formulations, not explored here, might be the vector sum of the unit 
vectors of the wind (independent of the speed, used to draw Figure 3.8), or the 
direction of the vector sum of the wind vectors (so accounting for the speed). 
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These choices would give reasonable results for winds swinging within not too 
wide sectors, as is mostly the case here. 

•  Also, the storms of YR1 2006 and YR15 1990 discussed in Chapter 3 suggested 
that this one critical direction could be northerly as well as westerly. Thus, at 
least, it seems certain that such a direction is not unique, but might rather be 
coupled to a particular speed pattern such as square, triangular, trapezoidal, 
plateau-like and so forth (refer to the brief inventory of Section 3.3.2).  

 
In the nautical convention, the directions before and during the storm following our 
criterion are 225 to 360 deg (1 Nov 2006), unchanged 225 deg (12 Jan 2007), 225 to 270 
deg (18 Jan 2007) and unchanged 315 deg (9 Nov 2007). Shifts do reflect the typical 
clockwise rotation of Figure 3.9, although in the current schematisation they occur 
suddenly at the beginning of the storm, if at all. 
 
The water-level histories results are shown in Figures 4.38 to 4.41. The benchmarks of the 
square-direction experiments are the results of the ‘parent’ uniform-wind (orange line) 
and of the ‘sister’ square-speed (black line) storms. There is no difference of character 
between the results at Delfzijl and at Eemshaven, and we shall comment on the former 
station only. 
 
For the 1 Nov 2006 storm 

•  The sudden shift from the southwesterly to the northerly octant, which takes 
place at time -1.75 days, causes water levels to be substantially reduced even 
below 100 cm.  

•  The gusts most effective at raising the water levels in reality belonged to the 
northwesterly, rather than northerly, octant in spite of not being the most 
frequent. Therefore, the water-level response appears definitely sensitive to the 
northward shift of just one-octant width artificially imposed to the strongest 
winds.  

•  Even in the square-speed experiment (black line) – where the direction is varying 
naturally and the lower artificial speed is less effective than the peak –, we 
obtained a less bad match with the parent schematisation of uniform unsteady 
winds (orange line). The restriction to the direction, therefore, is quite severe 
here. Perhaps against intuition, this is a hint that a pure northerly wind is not 
necessarily the most dangerous for the eastern WS, despite it is the one to which 
the coast looks more squarely exposed (‘water circulation redistributes the 
hazard’). The orientation of the estuarine channels is, rather, the preferential 
direction. This point comes forth even more exaggerated in the ensuing case of 
fully square storm, and arguments to support this speculation are in the 
following Section. 

For the 12 Jan 2007 storm 
•  The settings of this event differ from the others because the direction does not 

change at the onset of the storm.  
•  The highest water level is short of about 60 cm from the level corresponding in 

the parent experiment. 
•  During the artificial storm, the strongest winds, naturally westerly, ‘forcibly’ blow 

from the prevalent southwesterly direction, which is also the starting octant of 
the typical clockwise shift. Such an anticlockwise, one-octant-wide turn imposed 
to the parent uniform/unsteady storm has less impact on the water levels (in the 
estuary) than the clockwise rotation of the same amount in the 1 Nov 2006 case.  

•  Interestingly, from soon after the storm onset at time -1.75 days, the water levels 
closely follow the same rise-and-fall sequence of the parent unsteady storm much 
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better than the sister square-speed storm. The water-level sequence, in turn, 
follows the evolution of the wind speed. This highlights the importance that the 
natural sequence of speeds can play in a storm to drive the accumulation or 
lowering of water at the shore.  

•  The comparison of Figure 4.38 with the wind direction history of Figure 4.3 
suggests that, broadly speaking, the water levels are underestimated by the 
substitution of westerly with southwesterly winds, while a better agreement is 
recovered when the actual winds were effectively westerly. (A rigorous 
connection would entail allowing for the time shift between the wind action and 
the water response.) 

For the 18 Jan 2007 storm  
•  Unlike 1 Nov 2006, the direction during the storm is also that of highest speeds 

and is not the farthest northward. This also follows from the structure of the 
storm that, unlike the others, is rather short and well delimited, and the 
schematisation can capture the simpler action of the wind more accurately.  

•  Both the approach to, and the attainment of, the water level-peak are well 
predicted. The difference between the square-direction storm and the parent 
unsteady storm is just 20 cm off a whole level of 200 cm. It is tempting to 
speculate that this small residual is due to the after-peak northward shift. If 
further numerical experiments substantiate this, this can be a clue that a time lag 
between the highest speed and the northernmost direction is a feature to 
maintain upon devising synthetic unsteady profile. This feature, also appeared in 
the historical storms in Section 3.3, in fact would systematically provide an extra 
push of the wind-raised waters toward the shore – recall also the flow fields of 1 
Nov 2006. 

•  The water levels ahead of the storms follow the same broad evolution of the 
previous Series, mostly in defect of the square-speed storm and in excess of the 
uniform storm. At the onset of the storm (time 0.25 days) the water level rises to 
somewhat close by defect to the uniform-wind peak (181 v 209 cm). A secondary 
peak develops that does not exist either in the square-speed or in the uniform-
wind storm. 

For the 9 Nov 2007 storm  
•  The agreement with both the uniform unsteady wind and the square-speed 

storm is good before time -1.5 days. Afterwards a low is missed, but the first peak 
is captured pretty well (slightly better in Eemshaven than in Delfzijl). The second 
peak, though, is severely overestimated. This probably because the time-varying 
direction is mostly northerly, while the steady one is northwesterly. This offers a 
strong clue that NW is the direction to which the Eems-Dollard is more exposed, 
not just in obvious terms of alignment between the estuary axis and the wind 
direction, but also in terms of circulation. Moreover, the shift of just one-octant 
width is able to cause remarkably different results.  

 
Therefore: 

•  The square-direction schematisation is potentially able to lead to a reasonable 
agreement with the parent scheme of uniform unsteady wind. However, this 
scheme is rather sensitive to the choice of the direction, resulting in substantial 
modelling errors. A randomly generated variation of direction within limits to 
define could possibly relax this sensitiveness when direct measurements are not 
available. 

•  We obtained the best results when the direction, fixed based on arguments of 
frequency of occurrence, matched the sector of the strongest historical winds of 
each storm. That condition preserved the ability of the highest speeds to raise 
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the water level almost to the same height of the uniform-wind scheme. 
Otherwise, the under-prediction can even be more severe than considering wind 
events with the real directional history but lower speeds by 2 or 3 Beaufort 
forces. In further numerical experiments, criteria more physically sounded than 
the mere frequency ought to be tested. 

•  A feature to keep in future modelling of unsteady artificial storms is the realistic 
correspondence of both speed and direction of high winds. This is added to the 
requirement of energy consistency already put forward. It is also probable that 
the winds that keep on turning clockwise after the speed peak are an enhancing 
feature to include. 

•  Forcing an anticlockwise shift onto the natural direction reduces the pushing 
action of the strongest winds (so long as the typical association between 
clockwise rotation and acceleration holds; for example southwesterly sector, 12 
Jan 2007). Instead, forcing a clockwise shift can trespass a certain preferential 
direction for which a realistic response is obtained, ostensibly due to other 
circulation patterns set on by the wind (northern sector, 1 Nov 2006 and 9 Nov 
2007). 

 
The above remarks are based on the interpretation of just those few events. Before 
hasting into generalisation, of course, batches of numerical experiments to explore the 
sensitivity of the square-direction models for the eastern WS to the wind direction might 
provide conclusions sounder than here.  
 
4.3.5 Series 4: The fully-square storm wind  

No additional lasting specification applies here. This Series combines the restrictions on 
the wind variability of both Series 2 and 3. Therefore, the wind blows in two 
configurations, each having fixed direction and speed. The approach of the storm 
corresponds to a swift change of direction and speed. Because of the crudely simplified 
temporal pattern, a storm of this kind can be called a truly ‘square storm’. 
 
The specifications, before and during the storm, are the following: 

•  1 Nov 2006:  from (8.7 m/s, 225 deg)   to (13.5 m/s, 360 deg) 
•  12 Jan 2007:  from (11.2 m/s, 225 deg)  to (14.6 m/s, 225 deg) 
•  18 Jan 2007:  from (12.5 m/s, 225 deg)  to (14.5 m/s, 270 deg) 
•  9 Nov 2007:  from (15.7 m/s, 315 deg)  to (22.5 m/s, 315 deg) 

The times of change are, as before, those of Table 4.1. 
 
Figure 4.40 shows the results of the storm of 1 Nov 2006.  

•  The water level before the beginning of the at time -2.0 days corresponds to the 
near-equilibrium position of the free-surface set-up under steady wind forcing. 
Afterwards, the onset of the square storm generates an oscillation damped down 
within one more day. The resulting near-equilibrium water level, strangely at 
first, is very close to zero and so missing out any peak at all.  

•  The vector maps of Figure 4.41 compare the circulations in the Eems-Dollard 
estuary at the same instant obtained with the uniform unsteady wind (Series 1) 
and the fully square storm (this series). A (small) set-down occurs at that time. In 
the frame above, that is part of an actively forced flow, the influx of water 
penetrates from the outer into the innermost estuary. Instead, in the frame 
below – relative to a lasting, steady northerly wind –, the water mainly flows 
towards the outer sea through the main channel, resulting in an emptying 
estuary. 
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•  Consistently, the water level at Eemshaven is lower than at Delfzijl over the 
entire storm period. 

 
These results point to the problem of the sensitivity of the estuary response to the 
direction given to the square storm.  

•  Perhaps against intuition, a purely northerly storm with constant speed does not 
cause surges in the Eems-Dollard estuary at all.  

•  In combination with the results of the square-speed experiment (blue line), this 
gives more strength to the inference that, in realistic cases, surges did occur 
because of the clockwise swing of the wind, which first conveyed waters in front 
of the estuary and then pushed them into it. Again, this fits the prototype view 
that the simultaneous raise of the wind speed plus the relatively short duration 
of the high-speed period made it possible to impart a significant amount of 
momentum to large volumes of water that were earlier travelling from the west 
of the east. 

•  Moreover, it is reasonable to anticipate that there is some relation between the 
structure of the storm wind and the amount of water that, so to speak, get 
effectively ‘charged’ by the most intense wind against the shore in the eastern 
Wadden Sea. A more detailed analysis of the water fluxes across suitable control 
sections may show whether this is the case, and subsequent findings may point at 
new diagnostic quantities to assess the hazard raised by storm winds. 

 
The other results are shown in Figures 4.44 to 4.46. For the 12 Jan 2007 storm, no change 
of the steady set-up occurs, as the wind is nearly constant and always southwesterly. The 
onset of the 18 Jan 2007 causes a surge that finds no correspondence in the other ‘fully 
square’ experiments; interestingly, by comparison with the previous storm, this can only 
be a result of the direction shift from SW to W with quite a contrary effect to the SW-to-
N shift of the 1 Nov 2006 storm. The results of the 9 Nov 2007 storm are in line with 
those of 1 Nov 2006, although the steady-state water levels achieved in the core of the 
storm are much higher (which is justified by the difference in the wind speed applied in 
the two experiments). 
 

4.4 Summary of results 
The hindcast results for the chosen storms were deemed suitable as input data for the 
next wave studies, despite the water-level peaks are predicted with different degrees of 
accuracy depending on location and, most importantly, event. Those discrepancies were 
taken ‘as is’, being arguably dependent on calibration issues in the flow solver. 
 
Regarding the key question how to simplify real storm winds into synthetic events and 
reproduce realistic scenarios with a reduced modelling effort, we explored the following 
simplification ladder: 

•  Substitution of the space- and time-varying events with derived ones that are 
uniform in space and unsteady in time – by replacement of the modelled wind 
field with the measured history at one station. 

•  Additional restrictions to the unsteadiness of the uniform wind – through 
replacement models for the actual history with steady values and namely: 

o The square speed-storm: by maintaining the historical wind direction, and 
applying a representative speed, based on energy-scaling arguments as 
opposed to peak values. 



Simulations of storm winds, flows and waves in the Wadden Sea 10 Nov. 2008 
 

 

file: A2108R1r4  47  

 

o The square-direction storm: by maintaining the historical wind speed, and 
applying a substitutive direction, based on arguments of frequency of 
occurrence rather than time-averaged effect. 

o The fully square storm: by substituting both wind and direction with the 
above replacement values. 

 
The underestimation of the water level peaks encountered in the above simplification 
ladder is considerable. For the most drastic simplification, the worst results were 
obtained, although in their own way physically correct. 
 
The successive substitution of the entire storm-wind field (modelled by HIRLAM) with a 
uniform unsteady wind (measured at Huibertgat) gave under-prediction of the surge 
levels and different degrees of agreement in periods of calm winds.  
Part of those inaccuracies is merely inherent in the substitution process. Other 
inaccuracies were perhaps introduced by letting the same wind blow over all three 
domains of the Model Train. However, there are no definite clues that this inaccuracy 
has contributed to a major loss of information and underestimation of the water-level 
peaks. In future revisions and experiments, it is recommendable that the area of 
application of the uniform wind is restricted to the region of interest in every stage of 
the Model Train. Because the historical surges have been the result of mass balance over 
the entire WS, such a local wind should cover an area encompassing the whole basin. 
 
The successive substitution of a historical unsteady storm with a synthetic steady one 
does not reproduce the temporal variability of the surge from the outset. The relevance 
of the detailed temporal variability is also supported by the facts that the peak speed is 
not properly a scale for the wind effectiveness at rising surges, and that the wind speed 
with equivalent power is a scale that underestimates the peak period of the surges. 
Keeping the original wind structure around the peak period appears important too 
though, and this is possible if the artificial storm-wind profile is unsteady too. 
In future experiments, therefore, it is recommendable to devise and test synthetic 
unsteady storms, which schematise at least the prototypical path of the critical storm 
winds at one representative station.  
 
The artificial windstorm should always at least respect a criterion of energy consistency. 
Ideally, the replacement storm wind should transfer the same amount of energy into the 
waters as the real storm wind in a given span of time. In practice, much of the physics in 
extreme storm conditions is not well understood yet. Here, we limited ourselves to basic 
scaling arguments, according to which the rate of energy transfer scales with the third 
power of the wind speed. However, it is possible that using ordinary empirical models of 
wind/interaction can improve the results. Approximate consistency based on scaling 
arguments should be regarded as a minimum, but essential, requirement. 
 
There are strong clues that record storms in the eastern WS can be best identified and 
classified based on the amount of water that they are able to displace and set ready to 
be pushed towards the coast. Such a diagnostic quantity is interesting, because all the 
information that we hold about the basin (morphology, bathymetry and so forth) is at 
play in the hazard assessment through the flow simulation; and because it results in 
numbers that are amenable to an easy interpretation. A modelling approach with an eye 
on capabilities of ‘water deployment’ looks like a natural development of the finding 
that, during storm conditions in the Wadden Sea, circulation effects are indeed 
important. 
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5 Storms and flow response in the Wadden Sea 
(summarised) 
This chapter provides the reader with a convenient list of remarks from Chapter 2 to 4. 
The first part of this report focussed firstly on the search of storm-wind features that are 
prone to generate important surges in the Wadden Sea; and, secondly, on the 
(disproved) attempt of substituting historical storm winds with synthetic steady events 
generating surge conditions of any relevance for further modelling wave climates. The 
above remarks are here grouped by general topics, and further summarised in Chapter 8 
along with the ensuing wave-climate studies.  

5.1 Subdivision of the Wadden Sea 
The WS can be operationally divided in a western and eastern part based on the year-
record high-water levels.  

•  Year-record high-water levels were chosen as an indicator, available for a period 
of decades, of the sensitivity of each station to severe events. However, the 
resulting dataset cannot show when and where records have been successively 
broken within each year in the WS. The in-year data overriding can possibly hide 
some storms of interest, although the existence and functioning of wind stations 
too proved to restrict the analyses of more recent individual histories. 

•  The comparison of the record dates at different stations shows that, in most 
cases, those surges were reached all over the WS (or with local exceptions) and 
were, arguably, caused by extended storm winds. Some extended storm winds 
may come with specific features that make them locally straining on either 
western or eastern sub-basin. The occurrence of truly local storm winds is 
deemed accidental, but confirming this would require specialist advice (see also 
Section 5.2). Any division into the western and eastern WS during a stormy event 
seems, therefore, a matter of hydraulic response rather of atmospheric forcing.  

•  It should be borne in mind that we have correlated the water levels of year-
record highs at different stations when those events occurred at the same time. 
This allowed us to select Delfzijl as one station representative of the whole 
eastern Wadden Sea and so reduce the width of the database to enquire. 
(Unfortunately, the tide-free surge signal was only available at Delfzijl and 
Eemshaven – see also Section 5.2) 

•  The division that we have pursued in Chapter 2 is statistical in essence. Many 
systematic factors are embedded in the results – as showed, for example, by the 
tendency of the western station of Kornwerderzand to follow a story similar to 
the easternmost stations, probably because of the shoreline orientation. Further, 
purely statistical tools do not explain quantitatively how those factors are at play. 
The hindcasts provide the detailed description of the hydraulic response. 

•  The inspection of some instantaneous flow maps in Chapter 4 shows that, at 
times, this division is supported by hydraulic facts, such as the parting of the 
incoming flow through the tidal inlets into streams pointing to opposite ends of 
the WS. By contrast, other times the western and eastern parts are connected by 
a stream-like flow that engages the entire basin. Moreover, the change between 
either behaviour is a time-varying circumstance subject to time scales varying 
from case to case.  

•  Importantly, the possibility of having separate hydraulic responses under certain 
(however important) circumstances is one facet of the WS’s unitary character, 
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which is ultimately rooted in its geographic and morphologic features as a 
whole.  

•  There is no indication that the sea-level rise affects the general response of the 
WS basin to year-record historical storms. Mean-sea level effects may also be 
combined with the tidal oscillations with an 18.6-year period. 

 

5.2 Characterisation of WS storm winds and associated 
surges 

Based on the chart of year-record high waters at Delfzijl and on the available wind 
measurements at Huibertgat, we could analyse the structure and temporal development 
of the six most severe surges in the period 1981-2006. 

•  Those windstorms were extended events in the sense that they affected the 
entire WS.  The measured wind histories at Texelhors and Huibertgat, at the 
opposite ends of the WS, appeared to be close to each other and consistent, 
suggesting the occurrence of limited spatial gradients of the storm wind over the 
span of the WS islands.  

•  Those data allowed us to recognise, based on a quantitative derivation, a 
prototype windstorm profile that is characterised by increasing wind speed (up 
to Bft 7 and above) and shifting direction from the SW-W octants toward the 
NW-N. The peak wind speed normally occurs before the direction attains the 
nearest to the north. This prototype is best regarded as the basic, essential 
pattern of surge-generating storm winds – although, in principle, not generating 
all possible surges. 

•  In this work we did not embark in the determination of the special features of a 
storm wind can make it particularly straining on either sub-region of the WS. 
However, we may speculate that some amount of rotation in the wind direction 
is necessary to engage the eastern WS in a way that is possibly in contrast with 
the remaining Dutch coastline. For example, the steadily northwesterly storm of 
1953 affected Delfzijl with an event with the same exceedance level of 2-events-
per-year surge 

•  Defining the large-scale atmospheric structures and processes to which historical 
storm winds may be typically associated requires specialist advice. As a very 
simplistic but realistic scheme for the prototype windstorm, its direction shift is 
consistent with the cyclonic air circulation around a low-pressure core travelling 
from west to east across the lower North Sea. Because cyclonic circulation is 
anticlockwise in the northern hemisphere, the early winds touching land blow 
from the south-to-west quadrant; whereas the latest ones blow from the west-
to-north quadrant, leaving a clockwise trace on land. 

•  The pattern of the prototype windstorm has a potential to initially feed the WS 
with fluxes through the west-facing tidal inlets and displace large water masses 
from the western WS towards the east. While the wind direction turns 
northwards, additional water flows through the north-facing tidal inlets, and the 
overall amount is pushed towards the coast greatly enhancing the surge. The 
raising speed provides a sustained source of momentum to be imparted to 
increasing volumes of water effectively.  

•  The prototype windstorm makes it clear that we should not expect surges to be 
(entirely) locally generated. Rather, they result from a dynamical process that 
involves the entire WS. In such process, the severity of the surge is also linked to 
the volumes of water that can be deployed and charged against the coastline. 
However, in the face of the simple and informative structure of the prototype, 
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the detailed analysis of the six storms shows that each realisation came with 
different features and, of course, different severity of the surge.  

•  Each windstorm differs from the other, for example, in duration, structure (that 
is the correspondence between instantaneous speed and direction), temporal 
speed change (for example, triangular; gradually rising; plateau-like), temporal 
direction change (for example, number and amplitude of clockwise and 
anticlockwise swings), and the possible combinations thereof. This is clearly 
reflected, for instance, in the different time lags between the wind peak and the 
highest surge for each storm.  

•  The surges hindcast by the Model Train run with the WAQUA solver and HIRLAM 
wind forcing resulted in different degrees of closeness to the measurements, as 
far as the water levels at different stations were concerned. (Note that only two 
of the surges that have been eventually hindcast were year-record events, 
namely 2006 and 2007, of which the Huibertgat wind measurements in 2007 
were not yet available.) The results, however, are of a more than acceptable 
quality, since they capture the essence of the flow history and do not invalidate 
the subsequent application to wave climate studies.  

•  Each surge differs from another firstly because of the different wind forcing at 
play in each case and, secondly, because of the fluxes across the several inlets 
that fill or empty the WS in different order of time and amounts. In turn, the flux 
across the openings is too a result of the internal circulation and of the surge 
levels in the WS. The generation of the tide-free surge, therefore, appears to be 
a process resulting from a fairly high number of interrelated variables. 

•  The existence of clearly different storm-wind profiles that can create tide-free 
surges of comparable severity indicates that no particularly challenging shape 
can be singled out – this exemplified by the tide-free surges of the year records 
of 1990 and 2006 virtually resulting in the same peak. The effect of circulation is 
one of redistributing water masses in dynamical equilibrium with wind forcing, 
bottom resistance and open-boundaries fluxes. In storm conditions and for the 
purpose of this project, this translates into a redistribution of the surge hazard 
along the coast. In this way, each windstorm/surge pair produces its own degree 
of severity for water defences.  

•  There is no same order in the surges as they are ranked either by wind peak or by 
highest tide-free water height. This means that the peak wind cannot be a 
scaling quantity for the storm-wind effect, although it marks an important 
moment in the storm history. This too follows from the surge being a result of an 
extended and unsteady process, as opposed to a simply locally generated one.  

•  A few year-records storms are ‘tidal storms’ in the sense that the highest water 
level occurred because of the closeness in time of high surge and tide. However, 
the level rise generated by direct action of the storm winds interacts with the 
pre-existing tide in a way more complex than mere superimposition. As the 
hazard for water defences invariably arises from total water levels, the risk 
originated by storms cannot be assessed without the consideration and 
understanding of the interplay of the tide and wind-driven surge.  

•  There are strong clues that the final north-westerly direction in a rotating wind is 
the most sensitive for the generation of extreme surges in the Eems-Dollard. This 
would be so not because of the orientation of the shoreline (mostly along the 
north-south axis), but rather because of the orientation of the deepest tidal 
channels in the Eems estuary (Ranzelgat, Huibertgat, Oosterems). This suggests 
that it is the morphology of the area (providing regions of comparatively 
reduced bottom friction), rather than the coastal contour, to dictate to which 
wind direction the area is most vulnerable. So, the determinations of a ‘severe 
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windstorm’ may change with the timescale of the tidal channels’ evolution, 
either natural or caused by operations.  

 

5.3 Spatial and temporal simplification of the storm-wind 
history 

•  The substitution of the historical storm winds with winds having steady speed 
and/or direction, and yet carrying approximately the same amount of energy as 
the historical windstorms, produces severely underestimated results, not only in 
amount but also in the temporal evolution. Better results are intermittently 
achieved whenever the replacement values are similar to the historical ones, 
provided either speed or direction follows an historical sequence. Results of this 
nature are not suitable for use in wave-climate studies, but are insightful to study 
the effect of ‘tightening’ the wind variability on the WS circulation – and, in turn, 
the response of the WS to certain wind features. 

•  The variability of the storm winds is, therefore, important. Windstorms are 
rapidly-varying unsteady events, for which steadiness is an insufficient 
approximation, unless occasionally. 

•  The substitution of the space-varying HIRLAM fields with the uniformly-applied 
Huibertgat wind histories is the cause of an appreciable loss of realism, in spite of 
maintaining unsteadiness. However, it is possible that part of the mismatch arises 
from the fact that the Huibertgat wind was not applied in a limited area around 
the effective geographical location, rather over the entire domains of the Model 
Train. 

•  Replacement storm winds of square type may still be realistic for historic events 
where the temporal evolution of the wind speed and/or direction had a plateau-
like structure. They can still be a useful tool to identify ranges of speed or sectors 
of direction to which the WS, or sub-regions of it, is particularly sensitive. 
(Chances are that sensitivity analysis of this kind can turn out to be a useful guide 
prior to the subsequent testing of replacement unsteady storm winds.) 

•  The prototype windstorm is a natural candidate for the derivation of an 
improved synthetic unsteady storm-wind profile. 
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6 Bathymetry of the Wadden Sea   

6.1 Introduction 
The bathymetry of the Wadden Sea, tidal inlets and outer delta changes continuously, as 
a result of the ongoing erosion and deposition. For the calculations of the hydraulic 
boundary conditions one single bathymetry is used. This bathymetry may have to 
incorporate future changes, when these have a clear impact and they can be predicted 
with reasonable accuracy. To investigate the impact of the bathymetry, three changes 
are implemented in the bathymetry and their impact on the nearshore wave conditions 
is studied. For illustration purposes an example of a tidal inlet is shown in Figure 6.1. This 
figure shows the different types of areas in the Amelander Zeegat. These kinds of areas 
appear behind all tidal inlets in the Wadden Sea. In the present study tidal inlets near 
the Eems-Dollard estuary are considered.  
 

 
Figure 6.1. Example of a tidal inlet in the Dutch Wadden Sea (Ameland inlet). 
 
 
Every six years new depth soundings provide a new bathymetric chart for the Wadden 
Sea. Every three years new depth soundings from the outer delta’s and the adjacent 
coasts provide new bathymetric charts for these areas. The surface elevation of the 
entire salt marsh area along the fringes of the Wadden Sea has been measured in 1999 
and 2004. The surface elevation of selected areas in the salt marshes is measured yearly.  
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6.2 Definitions and data 
In Figure 7.2 the definitions that are used in the bathymetry are indicated. This figure 
shows a schematic cross section from the Wadden Sea tidal flats to the toe of the dike. 
When tidal flats are discussed in this report this refers to the inter-tidal flats, with a 
surface elevation in between Mean Low Water and Mean High Water. When salt 
marshes are discussed this concerns the areas above Mean High Water, which are 
covered with vegetation. From a morphological point of view this distinction is 
important because the morphological developments of the inter-tidal flats differ from 
those of the salt marshes.  
  

 
 
Figure 6.2: Definition of inter-tidal flats and salt marshes in a schematic cross section 

from the Wadden Sea to the toe of the dike. 
 

6.3 Morphological changes  
The morphological changes in the Wadden Sea consist of a variety of changes that are: 
•  Unidirectional; for instance the eastward migration of the tidal watersheds between 

the tidal inlets, the sedimentation on the salt marshes, the shallowing of the tidal 
channels in the Friesche Zeegat after the construction of the Lauwersdijk; 

•  (Semi-)cyclic: for instance the migration of the tidal channels and shoals on the 
outer delta’s, and the welding of sandy shoals to the shores of the Wadden islands; 

•  Apparantly random, like the overtaking of drainage area of one tidal channel by 
another tidal channel, and the accretion or erosion of inter-tidal flats.  

The time spans and rates of changes of the various unidirectional, (semi-)cyclic and 
random changes differ. 
 
Because the morphological changes are made up of a combination of changes that all 
have different time spans and occur at different rates there is no such thing as an 
average bathymetry of the Wadden Sea. When the bathymetry is used for a forecast, for 
instance of the hydraulic boundary conditions, the most recently measured bathymetry 
provides the closest approximation of the future situation.   
 
Three aspects that will change the future morphology of the Wadden Sea are specifically 
addressed in the study: 
•  The effect of (an accelerated) rise of the sea level;  
•  Local subsidence due to the extraction of hydrocarbons; 
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•  The development of the salt marshes   
 

The effect of (an accelerated) rise of the sea level 

The Wadden Sea tidal basin is expected to follow the rise of the sea level, unless the rate 
of the rise exceeds a certain threshold value. Following the rise of the sea level means 
that the sedimentation on the tidal flats and in the tidal channels is such that the 
average depth with respect to the sea level does not change. With respect to a fixed 
datum, like NAP, the depth of the Wadden Sea will decrease. The worst case threshold 
values are 6 mm/year for the smaller tidal basins and 3 mm/year for the large tidal basins. 
These rates are not met and therefore we assume that the Wadden Sea tidal basins 
indeed will follow the rise in the sea level. The implication for the calculations of the 
hydraulic boundary conditions is that the effect of the rise in sea-level does not have to 
be addressed in the bathymetry of the Wadden Sea.  
 

The development of salt marshes 

Salt marshes have a natural tendency to accrete, or in other words, salt marshes tend 
grow higher. The rate of accretion decreases with the increase in height. In the past the 
natural increase of the height of the salt marshes has been enhanced artificially by the 
land reclamation works. Even after the maintenance and extension of the land 
reclamation works has gradually changed to maintenance for the purpose of nature 
conservation (in the early 1990’s) the accretion has continued.  
 
In contrast to the inter-tidal flats, that have a fixed height with respect to sea-level, the 
salt marshes have gained height. Because most of the salt marshes are located directly in 
front of the dikes, the effect on the hydraulic boundary conditions at the dike may be 
large. The impact of the increase in height of the salt marshes should be verified.  
 

The effect of subsidence 

Several parts of the Wadden Sea experience the effects of the subsidence of the 
subsurface that results from the extraction of hydrocarbons. On the inter-tidal flats and 
in the tidal channels the effects of the subsidence are completely compensated by the 
natural deposition and erosion. The surface elevation of the tidal flats and tidal channel 
does not reveal any subsidence of the subsurface. Because there is no effect of the 
subsidence on the inter-tidal flats and tidal channels there is no need to incorporate the 
effect of subsidence in these areas into the calculations of the hydraulic boundary 
conditions. However, on the salt marshes the effects of the subsidence are only partially 
compensated by sedimentation. The subsidence can result in a lowering of the marsh 
surface. This effect may need to be incorporated in the calculations of the hydraulic 
boundary conditions. This requires a check on the impact of subsidence on the surface 
elevation of salt marshes.  

The dynamics of tidal channels on the outer delta  

The largest changes in the depth and the highest rates of migration are associated with 
the migration of the tidal channels and their adjacent shoals on the outer deltas and in 
the inlet channel. The large changes result from the strong forcing by tide- and wave 
action. The tidal channels on the outer delta and in the inlet gorge are located far away 
from the mainland coast. It is therefore not necessary that these large changes in the 
bathymetry have an impact on the hydraulic boundary conditions at the mainland dike. 



Simulations of storm winds, flows and waves in the Wadden Sea 10 Nov. 2008 
 

 

file: A2108R1r4  55  

 

This can be verified through the use of different bathymetries for the outer delta and 
inlet gorge.  
 

6.4 Recommendations and application  
Based on the morphological changes discussed above a number of recommendations for 
the use of a bathymetry to calculate the hydraulic boundary conditions is given: 
•  Use the most up-to-date bathymetry; 
•  The effect of the rise in sea level does not need to be incorporated (yet); 
•  The effect of subsidence on inter-tidal flats does not have to be incorporated. 
 
The impact of three bathymetric effects on the hydraulic boundary conditions will have 
to be calculated. The impact gives an indication on the necessity to incorporate these 
effects in the bathymetry that is used for the calculations of the hydraulic boundary 
conditions. The effects are:  
•  The effect of subsidence due to gas extraction on the salt marshes; 
•  The results of the accretion of salt marshes; 
•  The effect of dynamics of the tidal channels in the outer delta and in the inlet 

gorge. 
 
The recommendations have been applied to the choice for the bathymetries in this 
study. For this study three bathymetries were used, each of which is illustrated in a 
separate figure:  

1) The reference bathymetry consists of a combination of depth soundings from 
2001, 2002 and 2006 from the Netherlands (vaklodingen Rijkswaterstaat) and the 
bathymetry of 2005 for the German areas (provided by WSA Emden); 

2) One bathymetry includes subsidence due to a hypothetical gas extraction and the 
effect of continuous deposition on the salt marshes (so without an effect on the 
inter-tidal flats). A subsidence of 40 cm in a radius of 10 km with the centre 
located at x=240000, y = 608000 was used. A small strip of the salt marshes just 
east of Lauwersmeer were artificially raised by 30 cm. 

3) The effect of the tidal inlet dynamics are implemented through the use of a 1998 
bathymetry of the Huibertgat (Vaklodingen Rijkswaterstaat). 

 
Figure 7.3 shows the bathymetry based on the German dataset of 2005 for the Eems-
Dollard estuary, supplemented with Dutch ‘vaklodingen’. The German data cover the 
whole Eems-Dollard estuary and part of the eastern Wadden Sea bounded by the 
hypothetical line at x=220 km. East of this line, the bathymetry is based on vaklodingen 
from Rijkswaterstaat. The outline of these areas is indicated with coloured rectangles. 
The following datasets were used.  

•  Huibertgat 2001 (black)  
•  Borndiep_Ameland 2002 (red) 
•  Friesche Zeegat and Huibertgat 2002 (blue) 
•  Friesche Zeegat and Huibertgat 2006 (green) 

 
For each point the most recent bathymetric information is used. The bathymetry in areas 
not covered by either of these datasets is based on the bathymetry available from the 
Kuststrook model west of the line at x=220 km. This only holds for some areas just south 
of the eastern tip of Schiermonnikoog and south of Ameland. This bathymetry is used as 
the reference bathymetry of the impact analysis with SWAN.  
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To assess the effect of an elevated salt marsh and subsidence due to gas extraction at 
hypothetical salt marsh was elevated with 0.3 m and a hypothetical circular subsided 
area were imposed on the reference bathymetry, as described above. The difference in 
bathymetry is shown in Figure 7.4. 
 
The effect of morphological changes in a tidal inlet was investigated by replacing the 
bathymetry in the Huibertgat with information obtained from vaklodingen in the 
Huibertgat from 1998. To avoid abrupt changes in bathymetry with those of 2005, a 
gradual transition was imposed by using a multiplication factor equal to one in the 
centre of the Huibertgat (x=23700, y=619600) and gradually decreasing to zero at about 
5 km from the previously mentioned centre point. The functional form of this reduction 
factor R is R=1-tanh(s)1000, with s the distance from the centre point in km. The resulting 
difference in bathymetry is show in Figure 7.5. The difference ∆d is defined as the depth 
from 1998 minus the depth from 2006: ∆d=d1998-d2006. 
 
The effects of using these modified bathymetries on the wave conditions in the eastern 
Wadden Sea and Eems-Dollard estuary are given in Chapter 7. 
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7 Sensitivity analysis  

7.1 Introduction 
This chapter describes the results of a sensitivity analysis for the eastern Wadden Sea and 
Eems-Dollard estuary using the SWAN wave model. In such an analysis the effect of 
various modelling choices on the wave conditions in the eastern Wadden Sea are 
investigated. The set-up of the impact study is similar to the one described in 
WL/Alkyon/HKV (2007), Work Package 3. The approach of the sensitivity study is 
described in Section 7.2.  
 
The wave conditions were determined using a SWAN computational grid that is 3 times 
finer than the Kuststrook-Fijn grid used for the flow computations presented in Chapter 
4. The set-up of this dedicated computational grid is described in Section 7.3. The results 
of the impact study are described in Section 7.4. Attention is given there to each 
modelling choice. The implications of the various modelling choices are discussed in 
Section 7.5. 
 

7.2 Approach 
The four significant historic storms selected in Chapter 4 are applied for the sensitivity 
analysis. For each storm 10 different model set-ups were defined to assess the effect of 
various modelling choices on the nearshore wave conditions. Following WL (2007), the 
effects on the significant wave height Hm0, the spectral period Tm-10 and the mean wave 
direction DIR were analysed. The cases include  

•  The effect of currents; 
•  Small variations in the offshore boundary conditions; 
•  The effect of using a horizontal water level; and:  
•  Variations in bathymetry due to natural changes and human impact by gas 

extraction.  
The results of each case are compared with the results of the reference case, which 
represents the conditions as computed for the selected storm instants. The reference 
cases also include the results of the flow hincasts (Series 0) presented in Section 4.3.1, 
which consist of temporally- and spatially-varying velocity and water-level fields. 
 
For each storm three time instants were selected; before, at and after the moment with 
the highest water level at Delfzijl. This selection was performed on the basis of the 
computed current and water level fields. The first of those time instants regards a 
situation with a strong flood current and rising water levels in the Eems-Dollard estuary. 
The second time instant occurs at the moment of the computed highest water level at 
Delfzijl. The third time instant is one with a strong ebb current and falling water levels in 
the Eems-Dollard estuary. Since all storm instants refer to westerly to northwesterly 
storm conditions, this selection allows determination of the impact of certain modelling 
choices on situations with the peak water level near Delfzijl and with following and 
opposing currents. 
 
The four selected storms and their three time instants are summarized in Table 7.1. In 
addition, this table presents the computed water level at station Delfzijl. The first 
column contains the coding of the storm instants. This coding is also used in the figures 
showing the computational results. 
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The corresponding wind speed, wind direction and offshore wave boundary conditions 
are given in Tables 7.4 and 7.5. Further information on the computed flow and wave 
conditions is given in Section 7.3. 
 
Each of the selected storms is first computed for the reference case, which corresponds to 
one specific moment in time. We define the reference computation to be: 

1. Storm condition with spatially varying currents and water levels in the 
Wadden Sea. These conditions were computed with the WAQUA model 
described in Chapter 4. 

 
To assess the influence of current on the hydraulic boundary conditions, the case with no 
current has been considered: 

2. Storm condition without currents but with the spatially varying water 
levels. 
 

To assess the influence of relatively small changes on the offshore boundary conditions 
three variations are specified (as in WL/Alkyon/HKV, 2007). The conditions refer to the 
same conditions as case 1, i.e. at the instant of the highest water level at Delfzijl: 

3. 10% increase in offshore wave height Hm0; 
4. 10% increase in offshore peak period Tp; 
5. 10% increase in both offshore wave height Hm0 and peak period Tp. 

 
To assess the influence of bathymetric changes on the nearshore wave conditions, two 
situations with a modified bathymetry were considered. These bathymetric changes are 
described in Chapter 6 and are summarized as: 

6. Bathymetric changes in the tidal inlet; 
7. Bathymetric changes due to gas extraction induced subsidence and due 

to an elevated salt marsh. 
 
To assess the influence of free-surface tilt at the Wadden Sea and Eems-Dollard estuary 
on wave conditions near the dikes, water levels are chosen in 4 locations in the eastern 
Wadden Sea and Eems-Dollard estuary. These locations are distributed at regular 
distances along the coast. These locations are shown in Figure 7.1. The coordinates of 
these locations are given in Table 7.2. The water levels are chosen to be constant over 
the computational domain and were obtained from the results of the flow model. All 
other conditions (wind field, current field, bathymetry and offshore conditions) were 
kept unchanged in these computations. 

8. Constant water level based on point 1; 
9. Constant water level based on point 2; 
10. Constant water level based on point 3; 
11. Constant water level based on point 4. 
 

The computations with a fixed water level were only performed for the situation with 
the highest water level at Delfzijl. In total 12*7+4*4=86 computations with SWAN were 
performed. The effects of using a different model set-up are expressed in terms of the 
relative differences in the significant wave height Hm0 and spectral period Tm-1,0.  
 

7.3 Computational grid  
The present study is one of the first applications of SWAN in the eastern Wadden Sea 
and Eems-Dollard estuary for Rijkswaterstaat purposes. One of the envisaged studies is 
to perform hindcast studies of historical storms in this area and to compare the 
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computational results with observations. Since no computational grid existed for this 
area, a dedicated grid was developed. Similar to hindcast studies in the Amelander 
Zeegat (WL & Alkyon, 2007), a dedicated curvilinear grid was developed that is based on 
the curvilinear Kuststrook model grid.  
 
The requirements for this grid are as follows: 

•  It should cover the eastern part of the Wadden Sea and entrance to the Eems-
Dollard estuary. The Dollard is not the primary area of interest. Therefore, it is 
omitted, also to reduce the computational requirements. 

•  The western and eastern boundaries should be chosen such that boundary side-
effects do not affect the wave conditions at the location of wave buoys located 
on shallow areas in the Wadden Sea between Ameland and Delfzijl (See Fig. 7.2).  

•  The northern boundary of the grid should be close to the offshore buoys SON 
(Schiermonnikoog Noord) and BORKN (Borkum Noord), since these buoys will 
provide offshore boundary conditions in future hindcast studies. 

•  The resolution should be fine enough to provide accurate results but course 
enough to provide acceptable run times. We realise that this is a ‘shifting’ 
argument since both processor speed and memory size increase with time (cf. 
Moore’s law). Also, parallel processing may be used allowing for even finer 
resolutions. However, for the present study we aimed at a (dual-core 2.3 GHz) PC 
with 2 Gbyte internal memory. 

 
The first step was to define the outline of the computational grid. This outline is shown 
in Figure 7.2. The green lines represent the Kuststrook domain. The left part of this grid 
was limited in seaward direction. The northern extent follows a grid line of the 
Kuststrook model and runs between the wave buoys SON and BORKN. The south-eastern 
boundary is east of Delfzijl such that the Dollard is excluded from the grid, thus reducing 
the total number of computational points. The western boundary runs through the 
island of Ameland, and the eastern boundary runs through the German island of 
Norderney.  
 
The second step was to determine the optimal resolution of the selected grid. This was 
achieved by increasing the resolution in both spatial dimensions with a certain factor 
until the computational results converged sufficiently. The latter was achieved by 
performing SWAN computations on computational grids with grid resolutions that were 
one, two, three or four times finer than the original Kuststrook grid. These computations 
were carried out for hypothetical storm conditions with an offshore wave height of 3 m, 
a peak period of 8 s and incident wave directions of 300°N and 330°N.  
 
The upper panel in Figure 7.3 shows the outline of a dedicated computational grid in 
which the spatial resolution was uniformly increased with a factor 3 in both grid 
directions (viz. η and ξ coordinates commonly used for curvilinear grids). To avoid clutter, 
every fifth grid line is shown. The finest resolution is found in the Friesche Zeegat, the 
tidal inlets between the island and the area near Delfzijl. The lower panel of Figure 7.3 
shows the average cell length (taken as the square root of the product of cell lengths in 
x- and y-direction). Similar plots can be made for the grids in which the resolution was 
refined with the factors 1, 2 or 4. Finer grids, e.g. with a refinement factor 5, were not 
considered not only because their required memory exceeded that available, but also 
because the computational times are expected to be too large for practical applications. 
In the following these grids are referred to as eems1, eems2, eems3 and eems4. Note 
that the grid eems1 covers the selected area of the Kuststrook model grid without any 
refinement of the grid points. The corresponding depths at the grid points on the finer 
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grids were obtained using bi-linear interpolation based on the depth values of grid1. 
Also, note that, for this analysis, no bottom information from depth-soundings was used 
to create the digital bottoms, since the present computations were only used to 
determine the optimal resolution. 
 
The following grids and depth schematisation were obtained: 

•  eems1.grd & eems1.dep; 
•  eems2.grd & eems2.dep; 
•  eems3.grd & eems3.dep; 
•  eems4.grd & eems4.dep. 

 
For the selected grid, the results of computations should not be influenced significantly 
by its coarseness. Ideally, the grid should be as refined as possible to capture bathymetric 
variations in the model. However, refinement of the grid increases computational time 
and memory usage. Both of these resources are limited and, therefore, the grid 
resolution should be a compromise between the need for accuracy and the practical 
limitations from the available computer power.  
 
It is assumed that grid eems4 will provide the most accurate results due to its enhanced 
refinement. In the present section we set up hypothetical storm conditions to compare 
the values predicted using each grid. We then consider the agreement in computed 
results with those obtained for grid eems4.  
 
It is noted that small differences in model results occur due to interpolation errors of the 
original bathymetric information to the grid points of each (interpolated) computational 
grid. Such differences yield different bottom slopes in the digital bathymetry yielding 
small computational differences due to refraction. In addition, small differences will 
occur at locations where the waves are depth-limited and small differences exist in 
depths. 
  
7.3.1 Tests of model setup 

The purpose of the preliminary SWAN computations is to derive an optimal grid in terms 
of accuracy and memory usage. This was achieved by imposing two different offshore 
boundary conditions on each of the computational grids and to inspect the 
computational results along the four output transects shown in Figure 7.1. Two severe 
north-westerly offshore boundary conditions of differing severity were selected that are 
expected to yield the large wave conditions in the eastern Wadden Sea and Eems-
Dollard estuary. These conditions do not necessarily represent storm conditions, but are 
perfectly suitable to determine the optimal grid resolution.  
 
The conditions consist of an offshore significant wave height of Hm0 =3 m, a peak period 
of Tp=8 s and two incident wave directions of 300º and 330º. The wave conditions were 
specified as parametric conditions along the boundaries of the computational grids using 
a parametric JONSWAP spectrum with a peak enhancement factor of 3.3. The directional 
spreading was set to 30º. The wind speed was set to 20 m/s and the wind direction was 
equal to the mean offshore wave direction. 
 
7.3.2 Results 

A first step was to determine the time needed for each computational grid. This was 
achieved by performing test computations with a reduced spectral resolution (12 
directions and 10 frequencies) and only 2 iterations. These computations were 
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performed on the Dual Core PC, with a clock speed of 2.33 GHz and GByte internal 
memory. The resulting CPU time in seconds are summarized in Table 7.3.  
 
For the full-resolution runs, it was not possible to retrieve the required output for the 
finest grid, eems4. Owing to insufficient memory, no data was stored on the defined 
cross-sectional curves for grid eems4.grd at a regular desktop work station. In order to 
compare the quality of the results on the output transects for the four grids, all four 
grids were split in 3 sub-grids and the test computations were performed for these sub-
grids, such that each output transect lies within a sub-grid. To enable a proper 
comparison of computational results, the offshore boundary conditions were imposed on 
all boundaries (seaward and both sides) of each computational grid (in total 3*4=12 
computational grids).  
 
The results of all computations were compared to each other using 2d-spatial plots and 
the spatial variation along the output transects. To limit the number of figures only 
results are shown in the Figures 7.4 to 7.7 for the four output transects and for the 
conditions with an offshore wave direction of 300º. It is noted that the results for the 
case with an offshore wind and wave direction of 330º are very similar to those in the 
Figures 7.4 to 7.7 and will lead to the same conclusion. 
 
As expected, the largest differences in computational results occur between those at grid 
eems1 and eems4. It can also be seen that the results at grid eems3 are generally close to 
those at grid4. The results for Transect 1 (Fig. 7.4) show relatively large differences in the 
significant wave height Hm0 between the grids eems3 and eems4 for s=14-15 km. This 
occurs just in an area with strong depth variations. This difference is probably due to 
differences in the refraction behaviour of the waves due to interpolation errors in 
constructing the bathymetries. It can also be seen that, at this location, the various 
values of the spectral period Tm-1,0 the mean direction and directional spreading are close 
to each other. For Transect 2 (Fig. 7.5) the results for eems3 and eems4 are close to each 
other. The largest differences occur for s=12 km in the spectral period Tm-1,0 and for the 
significant wave height Hm0 at s=16 km. For shallow Transect 3 (Fig. 7.6) the results for 
grid eems3 and eems4 are close to each other for all parameters and along the whole 
transect. For Transect 4 (Fig. 7.7) all wave parameters are close to one another for the 
first 10 km. After passing the shallow area, the results start to differ in a similar fashion 
as for the other transects.  
 
7.3.3 Recommendation 

In general, it can be observed that eems3 produces results that follow eems4.grd more 
closely than those of the grids eems1 and eems2. In view of the decreasing differences 
between the grids with increased resolution (e.g. eems1 and eems2 or eems3 and 
eems4), it is expected that application of a grid with 5 times finer resolution than eems1 
will produce results that are even closer to those of grid eems4 than those of grid eems3. 
 
It is recommended that computations performed over the whole domain should be made 
using the eems3.grd, since it is the most refined grid that can be practically employed in 
terms of memory usage and required CPU time and that shows only small difference in 
wave parameters computed on grid eems4. This recommendation was accepted by the 
Client for the continuation of the study.  
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7.4 SWAN model set-up 
7.4.1 Current and water level inputs 

Once that the computational grid has been determined, we turn to the schematisation 
of the water levels and current field in the SWAN grid. Hereto, an interpolation of the 
WAQUA results on the Kuststrook grid has been performed. This conversion consisted of 
bi-linear interpolation in the x- and y-components of the current field and similarly for 
the water level fields. Note that the flow and currents were modelled using unsteady 
(time-dependent) models. The current and water level fields of the 12 selected time 
instants used in the SWAN computations on grid eems3 are shown in the Figures 7.8 to 
7.19. The arrows indicate the direction of the depth-averaged flow and are plotted every 
tenth grid point in both directions, so the wave direction in every one in hundred grid 
points is shown. 
 
Figures 7.8 to 7.19 show that during high water at Delfzijl the current (depth-averaged) 
velocities are generally less than 1 m/s. The ebb currents are generally stronger than the 
flood currents. The ebb currents have velocities that often exceed 2 m/s and that are 
confined to the main tidal channel in the Eems-Dollar estuary. The flood currents have a 
maximum velocity of 1.5 m/s, which only occurs in some small areas in the tidal inlets and 
close to Delfzijl.  
 
7.4.2 Wind fields 

The SWAN model is applied in stationary mode. For each time instant a constant and 
uniform wind field was applied. This holds for both the wind speed and direction. The 
wind characteristics were taken from measurements at station Huibertgat. The wind 
characteristics at each time instant are summarized in Table 7.4. This approach deviates 
from the one used in the flow simulations of Series 0, where space- and time-varying 
HIRLAM wind fields were used. However, for the present study we focus on the 
sensitivity/impact of certain modelling choices on the nearshore wave conditions and not 
on a detailed comparison with measurements. 
 
The data shown in Table 7.4 indicate that the highest wind speeds at Huibertgat do not 
always occur at the moment of the highest water level at station Delfzijl, as earlier noted 
in Chapter 3. Furthermore, note the relatively short duration of the 18/19 January 2007 
storm. 
 
7.4.3 Wave boundary conditions 

Wave boundary conditions are provided along the outer boundaries of the eems3.grd, 
including the North Sea side and the eastern and western sides up to the islands of 
Schiermonnikoog in the west and Norderney in the east. The segments of the boundary 
between these islands and the coast of the main land were treated as open boundaries. 
Since the lengths of these open boundaries are relatively short, it can reasonably be 
assumed that they do not affect the wave conditions in the output points 1 to 4. The 
boundary conditions imposed are based on the actual wave measurements at station 
SON. The boundary conditions are parametrically given using the boundary segment 
option, which is required for curvilinear grids. The imposed wave boundary conditions 
are summarized in Table 7.5. The spectral shape is assumed to be of the JONSWAP type 
with a peak enhancement of 3.3. This choice was deemed sufficiently accurate for the 
present sensitivity analysis. When detailed hindcast studies are instead performed, it is 
recommended to apply the measured spectra as offshore wave boundary conditions. 
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7.4.4 Model computations 

In the present study, the SWAN dual-core version 40.51a_dc has been utilized with the 
following input settings: 
 
 GEN3 WESTH 

 QUAD 

 TRIAD    trfac=0.05 cutfr=2.5 

 BREAKING 1 0.73 

 

Further, dissipation by bottom friction has been applied according to the empirical 
JONSWAP formulations with a coefficient cfjon= 0.067 m2s-3. 
 
In the input files the following convergence criterion was applied:  
 

NUM STOPC 0.00 0.01 0.001 99 STAT mxitst=40  
 
The maximum number of iteration was set to 40 for all computations. Inspection of the 
results showed that the maximum number of required iterations used in our set of 
computations was 33.  
 

7.5 Results of the impact analysis 
The results of the impact study are presented per variation of the model settings. First, 
the results are presented of the SWAN computations for the reference case. Hereafter, 
the effects of each variation of model settings on the computational results is presented 
in the form of (selected) 2D-plots and tables showing the relative effect on the 
significant wave height Hm0, the spectral period Tm-1,0 and the mean wave direction θo in 
all 4 selected output points. 
 
7.5.1 Case 1: Reference condition with currents and variable water level 

Figures 7.20 to 7.31 show the geographical variation of the significant wave height Hm0, 
mean wave direction and spectral period Tm-10 for all 12 time instants. The mean wave 
direction is given as arrows at every tenth grid point in both directions. These figures 
indicate that both the significant wave height Hm0 and the spectral period Tm-1,0 are 
significantly reduced as the North Sea waves pass the Wadden islands. The main 
reduction takes place at the shallow areas between the islands. Relatively high waves can 
still be observed in some of the main tidal channels in the Eems-Dollard estuary, such as 
the Ranselgat, the one leading to the Dollard estuary. Especially the areas south of the 
Friesche Zeegat and near the northern tip of the main land near Eemshaven are 
vulnerable to relatively high wave conditions. This is due to a combination of wave 
penetration through the main channel and local wave growth in the relatively deep 
channels.  
 
It is noted that these figures do not give any information regarding the penetration of 
low-frequency wave energy into the Wadden Sea. The determination of each 
contribution (wave penetration and local growth) is not the subject of this study, since 
we only concentrate on the integral wave parameters Hm0 and Tm-1,0 that are also used in 
the determination of the HBC.  
 
Table 7.6 summarizes the computed wave conditions in the four output points. The 
highest wave conditions are found for output location 3. This is not surprising since this 
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location is most exposed to the North Sea (wave penetration) and close to the main tidal 
channel (local wave growth). 
 
The wave conditions in the Wadden Sea suggests that the wave conditions are mainly 
locally generated, similar to findings for the area of the Wadden Sea south of the 
Amelander Zeegat, see e.g. WL/Alkyon/HKV (2007). Exceptions are the areas behind the 
Friesche Zeegat and near Eemshaven. These areas are more exposed to North Sea waves 
than others along the coast. This increased exposure is likely to be related to the 
presence of deep and wide tidal channels entering the Wadden Sea. 
 
7.5.2 Case 2: Storm condition without current. 

The impact of deactivating currents on the wave conditions was determined as relative 
changes in the significant wave height Hm0 and spectral period Tm-1,0 and an absolute 
change in mean wave direction Dir. The relative change in significant wave height is 
defined as  
 

∆Hm0=[Hm0

k-Hm0

1]/Hm0

1*100, 
 
and the relative change in spectral period as  
 

∆Tm-1,0=[Tm-1,0

k-Tm-1,0

1]/Tm-1,0

1*100.  
 
Here, the superscript 1 denotes the reference case, and the superscript k the variation at 
hand.  
 
The geographical variation is shown in a selected number of figures. For the four output 
locations the impact of deactivating currents is summarized in Table 7.7 for the 
significant wave height Hm0, the spectral period Tm-1,0 and the mean wave direction Dir. 
The same layout to present the impact of modelling choices is also used for the other 
cases.  
 
Figures 7.32 to 7.34 present the results for the first storm, showing the effects of: 

•  deactivating a following flood current (Fig. 7.32);  
•  currents around the moment of high water at Delfzijl (Fig. 7.33) and opposing 

ebb current.  
Figure 7.32 shows areas with increased wave heights in most shallow areas and some 
areas with lower wave heights, which are partly associated with tidal channels. The 
spectral period generally increases, while it strongly decreases in a narrow area which is 
more or less parallel to the Wadden Islands. The increase in spectral period is caused by 
the omission of the following current, such that the effective wind speed increases. The 
effects are less pronounced for the significant wave height, especially in the shallow 
areas south of the Wadden islands, where the impact is less than 1%. Such conditions are 
often associated with depth-limited conditions. It can also be seen that the area which 
increased periods reaches the coast near the mainland close to Lauwersoog.  
 
Figure 7.33 shows the effect near the moment of high water at Delfzijl. The effects of 
deactivating currents are clearly related to tidal channels with opposing currents. 
Deactivating the currents then leads to lower wave heights and periods. Higher wave 
periods are also found just north of the Wadden Islands. It can be seen that the wave 
conditions at locations 1 and 3 are more affected by currents than those at locations 2 
and 4. 
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The effect of deactivating opposing ebb currents (Fig. 7.34) is generally to decrease the 
wave heights in the tidal channels and increase them by 5% north of the islands. The 
wave periods are decreased by as much as 20%, not only in the tidal channels but also in 
the areas between the tidal channels.  
 
For the other 3 storms, results are only shown for the moment of high water at Delfzijl in 
Figures 7.35, 7.36 and 7.37.  
The pattern of wave-conditions changes for the storms of January 2007 shows a general 
increase of both the wave height and wave period. The results for the storm of 9 Nov 
2007 (Fig. 7.37) are similar to those of the storm of 1 Nov. 2006 (Fig. 7.33) for the area 
west of the Ranzelgat, but different from the Eems-Dollard estuary. At this storm 
instant, higher wave conditions are found for the significant wave height Hm0 and 
spectral period Tm-1,0 in the Eems. These areas correspond to an area with following 
currents. An important difference with the results of the Nov 2006 storm is the incident 
wave direction that is now more closely aligned with the tidal channel, so that wave-
current effects are more pronounced. This difference highlights the importance of the 
orientation of tidal channels, inviting the currents to a certain direction, and the 
direction of the incident wave conditions. 
 
The increase in wave heights and wave periods is generally associated with areas of 
omitted following currents, while the decrease comes with omitted opposing currents. 
Areas with weak or opposing currents are generally confined to the tidal channels, 
where the wave conditions are less severe. 
 
7.5.3 Cases 3 - 5: Sensitivity in boundary conditions 

The impact of higher offshore wave boundary conditions is summarized in Tables 7.8 to 
7.10 for all storm instants and for the cases 3 to 5. Figures are only given for the case 
with both an increased offshore wave height and wave period. For the first storm, results 
are given in Figures 7.38 to 7.40, whereas for the other storms only the situations around 
high water at Delfzijl are presented in the Figures 7.41 to 7.43.  
 
The results show that the effect of increased offshore wave boundary conditions is 
mainly noticeable north of the Wadden Islands and in the area between the islands. The 
tidal inlets act as a strong filter for the offshore wave conditions such that depth-limited 
wave conditions occur in many areas. In addition to the finding that wave conditions in 
the Wadden Sea are mainly locally determined, it is likely that variations in the offshore 
wave boundary conditions are not noticeable in most nearshore areas. However, the 
effect of increased offshore wave conditions is noticeable in the Friesche Zeegat and in 
the tidal inlets west of the islands of Borkum and Norderney. In general, the increase in 
the wave periods is stronger than for the wave heights. A striking feature is the decrease 
of wave height in the main tidal channel west of Borkum. This might be due to a 
stronger refraction of waves out of this channel because of higher incident-wave 
periods. However, further dedicated numerical experiments are necessary to verify this 
hypothesis.  
 
The effect of increased offshore wave boundary conditions is hardly noticeable at the 
four output locations. This is confirmed by the results in the Tables 7.8 to 7.10 which 
shows that the impact on parameter values is always smaller than 1%. 
 
From these results it can be observed that the imposed offshore wave conditions do not 
have any effect on the wave parameters observed nearshore. 
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7.5.4 Case 6: Impact analysis; bathymetric changes in the tidal inlet 

The sensitivity on the wave conditions at the output points in the bathymetric changes is 
summarized in Table 7.11 and Figures 7.44 to 7.46 for the three time instants of the 1 
Nov 2006 storm. The results indicate that the effect of bathymetric changes is confined 
to the areas of Huibertgat and directly southwards. The changes are both positive and 
negative. This is due to the different locations of the tidal channels at Huibertgat 
causing different refraction and breaking behaviours. The figures also indicate that the 
effect of changes in the tidal inlet hardly reaches the mainland coast, indicating depth-
limited conditions along the coast of Groningen. Of interest too is that for the opposing 
ebb current (Fig. 7.46) the bathymetric effect on the wave conditions reaches farther into 
the Wadden Sea through the main tidal channel. 
 
The present computations were made with different bathymetries but with the same 
current and water level fields. Strictly speaking, this is inconsistent since a different 
bathymetry will cause different current and water level fields in the tidal inlet. However, 
for the purpose of this sensitivity study, such an inconsistency is considered to be of 
minor importance.  
 
It can be concluded that, in the SWAN modelling, local bathymetrical changes in the tidal 
inlets do not affect the behaviour of the waves elsewhere in the Wadden Sea. This 
conclusion does not account for local changes in the current fields due to bathymetric 
changes, since current (and water level) fields were kept unchanged in the SWAN 
computations. 
 
The results in Table 7.11 indicate that the strongest effect, although still smaller than 
1%, occurs at location 3. For the other locations the impact of these bathymetric changes 
is negligible. 
 
7.5.5 Case 7: Impact of bathymetric changes due of elevated salt marsh 

and subsidence by gas extraction 

The effects of bathymetric changes due to a risen salt marsh and subsidence due to gas 
extraction are illustrated in Figure 7.47 for the storm instant S12 only, because the results 
for all other conditions are very similar. Results for all other conditions in the four output 
points are summarized in Table 7.12.  
Since not one of the four output points (Table 8.2) is located in the area of the elevated 
salt marsh, an extra output point ‘K’ was defined to quantify the impact of this elevation 
on the wave conditions. The location of this extra output point is x=220.0 km, y=603.8 
km and it is located in the middle of the elevated area (see Fig. 7.47). The results of this 
analysis are presented in the first column of Table 7.12. For storm instant S31 no results 
are available since the kwelder became dry. 
 
Fig. 7.47 indicates that the effect of a risen salt marsh is to decrease both the wave 
heights and wave periods. The magnitude of this change depends on the total water 
level at this location. The effect of a risen salt marsh is the strongest in the case of depth-
limited conditions, which are strongly associated with the occurrence of low water-level 
conditions. 
 
The effect of subsidence due to gas extraction generally leads to an increase in wave 
heights and wave periods in the area of subsidence. Further away the effect vanishes. 
Figure 7.47 shows that the relative increase is stronger for wave heights (up to 20%) 
than for wave periods (up 10%). The effect of bottom changes on the nearshore wave 
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conditions is the strongest for depth-limited conditions. This is confirmed by the results 
for the extra location K and for location 2 in Table 7.12, whereby it can be seen that the 
impact (i.e. relative change) is larger for the situations before and after the high water 
peak at Delfzijl. The wave conditions at the locations 1 (not reported in Table 7.12), 3 
and 4 are not affected by the bathymetric changes since they are too far away to be 
affected. 
 
The results for this case imply that nearshore bathymetric changes have a local effect on 
the nearshore wave conditions.  
 
7.5.6 Cases 8-11: Impact analysis; effect of horizontal water level 

To evaluate the effect of the water-surface slope, comparisons are made between the 
tilted free-surface (simulated by the flow model) and a number of horizontal waver 
levels. The horizontal water levels correspond to constant water levels at four specific 
points near the dikes. These points are shown in Table 7.2 and Figure 7.1. The impact of 
applying a horizontal water level was determined for all three conditions of the 1 
November 2006 storm (S11, S12 and S13) and for the high water conditions of the other 
three storms (S22, S32 and S42).  
 
Table 7.13 shows the water level at each of the reference points during each storm. 
 
The effect of applying a horizontal water level is illustrated in the Figures 7.48 to 7.56 
for a selected, but representative, number of storm instants. Figure 7.48 shows the 
impact of using a horizontal water level fixed at location 1. The results indicate that near 
location 1, the impact on the wave conditions is the smallest, but that the differences 
increase along westerly directions and decrease along easterly directions. This is a direct 
effect of having neglected the slope of the water surface (cf. Fig. 7.9).  
 
Figures 7.49 to 7.51 show the results for the storm instant S12 and for the fixed 
horizontal water level at locations 2, 3 and 4. The results are similar to those presented 
in Fig. 7.48 but now shifted eastwards. This is due to neglecting the actual slope of the 
water surface.  
 
For the cases in which the horizontal water level was fixed at location 3, additional 
figures are given for the flood and ebb situation of the November 2006 storm (S11 and 
S13) and for the high water moments of the three other storms (S22, S32 and S42). 
Figure 7.52 shows the result for the flood condition S11 (cf. Fig. 7.8). The impact is 
smallest near location 3, it is negative near the coast of the main land, whereas its is 
positive around the Wadden island. As expected, at the North Sea boundary the effect is 
negligible. The areas with higher and lower wave conditions can directly be related to 
the slightly higher and lower water levels in these areas (cf. Fig. 7.8). 
 
Figure 7.53 shows the results in ebb conditions. Here the impact on the wave conditions 
is generally higher for the area north of location 3 and lower for the area south of it. 
Again, the smallest impact is found near location 3. In contrast to the results for the 
above results, the impact is also negative in the tidal channels north of location 3 and 
south of the Wadden islands.  
 
Figures 7.54 to 7.56 show the results of applying a horizontal water level fixed at 
location 3 for the storm instants S22, S32 and S42. These results confirm the general 
pattern showing the smallest impact near location 3, higher wave conditions in the 
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north, and smaller wave conditions in the south as well as along the northern boundary 
of the computational grid.  
 
The results for all selected conditions and output locations are summarized in Tables 7.14 
to 7.16. The results in these tables show that the largest impact occurs for storm instant 
S13 (with a strong opposing ebb current). Another finding is that the impact is generally 
smallest at the location used to set the horizontal water level.  

7.6 Summary of results 
Based on the results of the SWAN computations, the following conclusions can be drawn:  

•  Currents have a strong effect on the wave conditions in the eastern Wadden Sea 
and Eems-Dollard estuary. Depending on the storm, tidal phase and location the 
wave conditions are severe to varying extents. 

•  Variations of 10% in the offshore wave and wave period boundary conditions 
hardly affect the wave conditions near the dikes;  

•  Morphological changes in the Huibertgat have a small effect on the wave 
conditions near the dikes. They only affect the waves locally. 

•  Morphological changes due to bottom level subsidence after gas extraction 
affect the local wave conditions. This is effect is relatively stronger for the 
conditions with lower water levels.  

•  The effect of a horizontal water level has a small effect around the location 
where the water level was determined. The error increases with distance from 
the reference point.  
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8 Conclusions 

8.1 Introduction 
In this study we addressed two main questions: the first is whether it is possible to 
simplify the modelling of current and water levels fields during storms in the eastern 
Wadden Sea; the second is how important various modelling choices are for the near-
shore wave conditions.  
 
In particular it was concluded in WL/Alkyon/HKV (2007) that, amongst others, the free-
surface and current fields in the Wadden Sea are strongly tied to wind. In this project, 
the flow conditions for four storms of 2006 and 2007 have been simulated, commented 
and employed in the sensitivity analysis. The flow results are extracted by the Kuststrook 
model that covers the entire Dutch coastal areas. The area covered by the sensitivity 
studies on wave climate specifically deals with the eastern Wadden Sea and the Eems-
Dollard estuary. 
 

8.2 Storm winds and currents 
The first part of the study regarded the investigation of selected storms that generated 
important year-record surges in the eastern Wadden Sea and, also, the (disproved) 
attempt of substituting historical storms with synthetic steady events generating surge 
conditions in some sense equivalent to those occurring in reality. 
This Section is an abridged version of the extended summary of the first part of the study 
presented in Chapter 6. 
 
8.2.1 Original aims 

The detailed analysis of the six most severe year-record surges in the eastern WS of the 
period 1981-2006 shows that they were generated by storms affecting the entire basin. 

•  Those storm winds were clearly unsteady, whereby the steady-state 
simplification is not realistic, as confirmed by numerical experiments with ad hoc 
synthetic storms. 

•  Neither the speed nor the direction of the peak wind alone is a sound indicator 
of the severity of the surge. 

 
Each surge differs from the others not only because of its specific wind forcing but also 
because of the water fluxes through the inlets that fill or empty the WS.  

•  Surges in the eastern WS are unsteady processes that are seen to travel across the 
basin. The surges, therefore, are not just locally generated, but result from a 
dynamic process over the entire WS.  

•  The distribution of water mass along the coast and the associated surge hazard 
therefore follows from the complex basin-wide time-varying circulation, which 
involves the unsteady storm as a forcing term.  

•  Evolution, duration and spatial variation of those fluxes clearly play a role in 
determining the total amount of water driven into the basin and pushed against 
the coast, which obviously determines the intensity of the surge.  

 
A comparison of those windstorm histories leads to a simple and informative ‘prototype 
windstorm’ profile that is characterised by increasing wind speed (up to Bft 7 and above) 
and shifting direction from the SW-W octants toward the NW-N.  
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•  The prototype windstorm is a natural candidate for the derivation of an 
improved synthetic unsteady storm profile for future design applications in the 
eastern WS. It owes the basic, essential features of a weather system that drives 
water into the WS through the tidal inlets (progressively from the westernmost 
ones eastwards), carries it along the tidal flats, and finally pushes the 
accumulated water towards the coast and namely into the Eems-Dollard estuary.  

•  As a note of caution, each of the six storms differs from the others, for example, 
in duration, structure, temporal speed and direction changes, and all possible 
combinations thereof. Particular combinations of these features should be 
regarded as enhancing characteristics in addition to the basic ones contained in 
the prototype windstorm. 

 
8.2.2 New knowledge and perspectives 

•  The year-record high-water levels in the WS, mostly attained during surges 
extended over the whole basin, suggest that the WS can be operationally divided 
into a western and an eastern part. This implies that representative stations can 
be identified and used for conclusions and speculations at a larger scale. This 
division, however, is statistical in essence, and many systematic factors are 
embedded in the results. In the development of a particular storm, in fact, the 
flow can part into different streams inside the WS, and create a hydraulic 
separation for relatively short periods around times that mark important 
moments in the development of the surges, but not always. Therefore, the 
possibility of having separate hydraulic responses is a facet of the WS’s unitary 
character.  

•  In such a semi-enclosed basin as the WS, the surge’s severity is clearly connected 
to both the volume of water accumulated in the WS (long time scale) and the 
local dynamics in the WS (short time scale) e.g. wind pushing available water 
against the coast. The volume of water in the WS is a plausible basis to rank 
surges on rational grounds.  

•  It is the combination of surge and tide that determines the load on the water 
defences. A concept of ‘latent hazard’ of a past storm can be introduced based 
on the surge that it generated. This means that storm surges that did not 
coincide with high water in a spring tide would still be considered as severe. 

•  A few year-record surges were, indeed, generated by ‘tidal storms’, that is storms 
in which the peak surge coincided with high water of (a high) astronomical tide. 
Tide and storm-generated surge do not behave as merely superimposing 
quantities, rather as interacting ones. This interaction is more pronounced and 
more complicated in the WS than in other parts of The Netherlands (world). 

•  Four selected events (two of which year-record surges) were simulated by the 
Model Train for the Dutch coastal waters, run with the WAQUA solver and 
HIRLAM wind forcing. In spite of some deviations (most probably attributable to 
calibration issues beyond scrutiny here), the results capture the essence of the 
flow scenarios and are suitable for the subsequent wave climate studies. 

•  Additionally, numerical experiments were carried out in which the historical 
storms were substituted with synthetic winds having steady speed and/or 
direction carrying approximately the same amount of energy. Most of the results 
are severely underestimated, either in amount or temporal evolution or both. 
Albeit not suitable for wave-climate studies, such numerical experiments have 
given some important insight into the circumstances of WS surges.  
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8.3 Wave conditions, impact analysis 
8.3.1 Original aims 

One aim of this study was to assess the sensitivity of certain modelling choices on the 
nearshore wave conditions regarding the importance of current, offshore wave 
boundary conditions, bathymetric developments and applying a horizontal water level. It 
should be realized that the present conclusions are based on the analysis of 4 historical 
storms. The findings may be different when more severe conditions are simulated. The 
results of this analysis are relevant for the determination of the Hydraulic Boundary 
Conditions using the Hydra-K model.  
 
The impact analysis leads to the following conclusions: 

•  Currents have a strong effect on the wave conditions in the eastern Wadden Sea 
and Eems-Dollard estuary. The effect of currents can lead to higher or lower 
wave conditions (heights and periods) depending on the phase of the storm and 
location in the Eems-Dollard estuary. In general the wave conditions increase 
when following currents are deactivated, and they decrease when the same is 
done for opposing currents;  

•  Variations of 10% in the offshore wave and wave period boundary conditions 
hardly affect the wave conditions near the dikes;  

•  Morphological changes in the Huibertgat have a small effect on the wave 
conditions near the dikes. 

•  Morphological changes due to bottom level subsidence due to gas extraction 
only affect the local wave conditions. This is effect is stronger for conditions with 
lower water levels.  

•  The effect of a horizontal water level has a small effect for the location for which 
the water level was determined. The error increases with distance to the 
reference point. 

 
8.3.2 Additional conclusions 

The impact study performed with the SWAN model using a dedicated curvilinear grid 
that is based on a selected part of the Kuststrook fine model. This was subsequently 
refined by a factor 3 in both spatial directions.  
 
The results of the SWAN computations, with all its inherent assumptions about physical 
processes, lead to the following conclusions: 

•  The tidal inlets act as an effective filter for North Sea waves.  
•  North Sea waves are able to penetrate into the Wadden Sea in the Friesche 

Zeegat and west of the islands of Borkum and Norderney. The wave conditions 
near the coast of the mainland behind the above areas are affected by North Sea 
waves, although the precise extent has not yet been determined. 

•  The wave conditions in the eastern part of the Wadden Sea and Eems-Dollard are 
mainly locally determined.  
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9 Caveats and recommendations 

9.1 Storm and flow modelling 
Regarding the subdivision of the Wadden Sea  

•  In general as well as for the determination of the HBC, the Wadden Sea should 
be regarded as a unitary basin. This does not necessarily mean that the flow and 
water levels behave exactly the same in the eastern and the western part of the 
Wadden Sea, or that all the most extreme storms for the western part are always 
the same storms as the most extreme ones for the eastern part. Identification of 
the circumstances in which storms are extreme for one part but not the other 
would be a useful exercise.  

 
Regarding the characterisation of storm winds 

•  Severe storms should be detected by the signal of the (tide-free) surge.  
•  Storms in the WS should be regarded as extended and unsteady processes, to be 

identified and described by their structural and temporal features. The structure 
of the storm can be made clear by the frequencies of the Beaufort forces (or 
other equivalent tiers) and of the octants they blow from (say, Table 4.1), and by 
the scatter plots of simultaneous speed and direction (say, Figure 3.7). 

•  Speed and direction of the peak wind should only be used as useful labelling. 
The strength of a historical storm might be best ranked by its power (temporal 
rate of energy transfer), that is taking into account its energy content and the 
time over which it has acted over the water body. This can be estimated by 
processing the speed signal at measurement stations. 

•  The rate of work done by the wind on the water is probably an even more 
insightful quantity to describe the storm winds, as it measures how effectively 
the surge adds momentum to the waters. This quantity depends on the models 
of drag repartition between wind, waves and current. While customary models 
may be beneficially used, a better understanding of the physics at play in stormy 
conditions will improve the reliability of the results. 

•  Suitably defined (and consistently used) criteria for the beginning and end of a 
storm should be sought after to describe the temporal pattern of the storm 
winds – perhaps considerate of the surge they generate.  

 
Regarding the characterisation of surges 

•  Surges in the WS should be regarded as extended and unsteady processes  
•  It is recommended that the time-varying balance of mass in the WS (water 

content and fluxes across the open boundaries and between sub-basins) is 
monitored in all ensuing hindcast studies. This leads to estimating the amount of 
water deployed by the evolving storm against the coast and may help rank the 
surges (and the storm wind ‘effectiveness’). 

•  More insight into the combination of tide and storm surge is needed. The idea of 
offset surge (scheve opzet) should be considered: ‘offset surge’ is a method to 
compute the surge that tries to account for the change in phase of the 
astronomical tide caused by a storm (see Roskam et al. 2000). Elsewhere in the 
Netherlands (where the surge changes more slowly in time than in the WS) this is 
simply obtained by subtracting the astronomical high water level from the peak-
storm water level, occurring within several hours of the astronomical peak. 

•  A per-station database of the tide-free surge (and offset surge) signal should be 
created for the benefit of the interested audience to expedite and support any 
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future investigations. This would also help acquire new knowledge on the 
interplay of tide and storm and more confidence in forecasting hazard on water 
defences. 

 
Regarding the creation of synthetic windstorms 

•  The ‘prototype windstorm’ described in Section 7.2 is a natural candidate for the 
derivation of a synthetic storm profile, which must be unsteady.  

•  Synthetic storm winds should carry, at least approximately, the same amount of 
energy as the historical winds. Identifying the storm’s beginning and duration 
with consistent criteria becomes important. It may be important to retain other 
structural correspondences (like speed and direction at peak).  

•  If considering using synthetic storms, the experiences gained from simpler storm 
systems (e.g. tropical cyclones) should be used to generate ideas on the problems 
and solutions involved in generating such synthetic storms. 

 
Regarding further hindcast studies: 

•  The present analysis is based on four storms. This provides a convincing base to 
understand the physics of storm-induced surges. In addition, the hindcasts of as 
many past year-record surges as possible would be instrumental, firstly, to 
gaining additional confidence extension of the number of storms; and, secondly, 
to understanding the sensitivity of a simpler `prototype’ concept to the features 
specific of the individual storms.  

•  On the one hand, it is important to select the most severe surges from the signals 
of the tide-free water levels; those may well be those that created the highest 
total water levels, but not necessarily so. On the other hand, because the tide 
certainly contributes to the build-up of the actual water levels during a storm, 
the relevance of the non-linear interaction between tide and storm should be 
investigated more systematically and considered in future computations to 
determine the HBC in the WS.  

•  Historical events are most fruitfully hindcast and studied comparatively, thus 
contributing to the tasks of the wind and surge characterisations. 

•  The year-record events of 24 Nov 1981, 2 Feb 1983, 27 Feb 1990 and 28 Jan 1994 
would provide highly valuable information. All require an effort to derive the 
corresponding HIRLAM fields for such early dates.  

•  The hindcast of 9 Nov 2007 would be best reviewed upon the publication of the 
measured signals at Huibertgat and Texelhors, and its description included in the 
inventory of historical year-record storms.  

•  The storms of 18 Mar 2007 and 12 Jan 2007 should be compared as soon as the 
wind histories and fields become available, since they scored the same total 
water level at Delfzijl, and their comparison may give some valuable insights. 

•  The most appropriate (i.e. accurate and nearest in time to the surge) bathymetry 
should be used for hindcasting. This point involves the German WS coast too, 
considered the contribution to significantly raised waters that can be channelled 
into in the Eems-Dollard through the Oostereems. 

•   
•   

Finally, two ways in which the conclusions on uniform and stationary synthetic storm on 
may have been improved need to be acknowledged: 

•  The uniform wind should be applied to a suitably limited area encompassing the 
entire Wadden Sea, in order to keep the effects of far-field open boundary 
conditions and of wind forcing realistically separated.  
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•  Improved expressions for the synthetic direction should also be tested. Numerical 
experiment might be devised or repeated so long as the reviewed approach 
shows potentialities of the square-type simplification overlooked so far. 

 

9.2 Wave modelling 
The results of the wave modelling and subsequent sensitivity analysis lead to the 
following recommendations: 

•  Currents should be included in future hindcast studies and in the wave model 
computations for the HBC. However, it is not yet clear which method should be 
followed to achieve this in the probabilistic Hydra-K framework of deriving the 
HBC. Therefore, a methodology should be determined to include current effects 
in the HBC.  

•  The effect of waves on the flow in the Wadden Sea should be included to 
improve the quality of the flow and wave computations. These effects may affect 
the nearshore water levels, that which is especially relevant in areas with depth-
limited wave conditions. 

•  The offshore wave conditions do not need to be included accurately in the 
probabilistic approach of the wave conditions in the Wadden Sea. This is in 
contrast to the situation along the closed Dutch coast. However, they cannot be 
omitted, since they affect the flow pattern and may generate set-up in the tidal 
inlets and in the Wadden Sea, which is especially relevant in depth-limited wave 
conditions.  

•  Following Alkyon (2008), an analysis to the penetration of low-frequency wave 
energy (frequencies lower than 0.1 Hz) is needed to determine the locations 
along the coast where those conditions are noticeable. If such locations are 
found, the relation between these near-shore conditions and the offshore wave 
conditions should be determined. 

•  The approach of using a horizontal water level can be used to locally determine 
the near-shore wave conditions during storms. 

•  The effect of bathymetric changes on the wave conditions was determined with 
the same current and water level fields as for the reference bathymetry. The 
impact of this inconsistency should be determined.  

•  The impact analysis should incorporate the effect on dike heights. 
•  The conclusions of the impact analysis under more severe (hypothetical) storm 

conditions should be verified. One of the outcomes could be that in some areas 
the near-shore wave conditions are not fully locally determined in some areas, 
and that, rather, the effects of North Sea waves are also noticeable and 
contribute to the wave load on the dikes. This may relate to the penetration of 
relatively long storm wind waves from the North Sea into the Wadden Sea. 
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 Den Helder Den Oever Kornwerderzand Harlingen Delfzijl Nieuw Statenzijl 

1 325 
1 Feb 1953 

370 
1 Feb 1953 

386 
22 Dec 1954 

369 
3 Jan 1976 

483 
1 Nov 2006 

536 
01 Nov 2006 

2 312 
31 Jan 1953 

364 
31 Jan 1953 

375 
3 Jan 1976 

369 
22 Dec 1954 

453 
28 Jan 1901 

531 
28 Jan 1901 

3 289 
3 Jan 1976 

355 
22 Dec1954 

373 
31 Jan 1953 

366 
26 Feb 1990 

451 
13 Mar 1906 

531 
04 Feb 1944 

4 289 
22 Dec 1954 

348 
3 Jan 1976 

370 
23 Dec 1954 

366 
23 Dec 1954 

448 
4 Feb 1944 

516 
13 Mar 1906 

5 277 
3 Dec 1954 

340 
23 Dec 1954 

363 
9 Nov 2007 

366 
31 Jan 1953 

446 
16 Feb 1962 

506 
13 Jan 1916 

 
Table 2.1: Top-5 highest water levels in cm since year 1900. Source: Actuele Waterdata. 
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Year Den Helder Den Oever Korn…zand Harlingen Lauwersoog Eemshaven Delfzijl Nieuw St. 
2007 * * * * * * 412 * 
2006 * * * * * * 483 * 
2005 193 226 245 249 273 293 323 367 
2004 217 268 285 272 262 288 333 370 
2003 218 253 264 267 275 273 303 336 
2002 231 272 285 285 264 280 306 322 
2001 201 254 288 291 248 261 302 325 
2000 227 267 288 293 320 340 383 390 
1999 213 257 282 284 297 326 366 407 
1998 214 248 273 272 272 281 304 325 
1997 173 193 217 223 248 259 288 329 
1996 191 227 248 255 268 296 331 363 
1995 237 306 334 329 320 362 404 449 
1994 242 310 339 344 343 383 425 482 
1993 265 338 337 331 307 325 350 389 
1992 173 208 223 233 240 258 286 303 
1991 233 268 291 299 286 309 338 354 
1990 275 316 355 366 341 364 392 421 
1989 253 285 298 296 283 284 308 330 
1988 220 255 277 279 258 276 300 320 
1987 191 222 246 249 285 284 321 352 
1986 220 249 278 289 247 252 276 295 
1985 207 236 257 257 266 285 314 355 
1984 218 249 281 289 270 289 317 348 
1983 270 319 347 355 336 351 388 420 
1982 220 257 284 297 284 302 335 357 
1981 227 272 296 303 324 357 391 425 
1980 166 215 225 239 256 266 307 357 
1979 231 272 282 291 260 256 292 314 
1978 178 211 232 233 234  278 320 
1977 220 268 300 304 327  396 447 
1976 297 348 375 369 375  435 472 
1975 165 195 215 227 237  265 313 
1974 213 256 279 280 269  315 348 
1973 233 298 325 327 339  419 460 
1972 170 217 228 208 216  248 272 
1971 222 271 294 284 272  320 356 
1970 214 267 298 305 288  318 380 
1969 238 282 302 302   317 357 
1968 190 235 249 245   278 301 
1967 219 253 290 299   349 390 
1966 210 262 296 298   327 343 
1965 216 245 274 275   328 360 
1964 199 230 249 250   301 330 
1963 188 218 237 241   301 331 
1962 251 300 330 340   446 495 
1961 180 236 267 265   313 367 
1960 230 306 340 320   260 303 
1959 180 205 228 238   278 307 
1958 227 281 309 302   318 366 
1957 170 203 220 222   238 267 
1956 189 221 247 250   290 312 
1955 193 231 255 258   300 339 
1954 289 355 386 369   393 461 
1953 325 370 373 366   327 370 
1952 158 188 219 222   274 320 
1951 180 215 239 230   269 316 
1950 155 182 201 208   237 278 
1949 194 290 290 270   318 396 
1948 166 208 222 220   271 312 
1947 170 215 228 225   235 263 
1946 204 237 255 246   285 333 
1945 230 295 300 294   301 372 
1944 211 266 295 292   448 531 
1943 222 275 285 280   353 385 
1942 210 262 275 272   284 315 
1941 188 217 258 260   332 402 
1940 251 272 306 305   295 345 
1939 170 222 261 253   285 348 
1938 240 273 292 294   320 348 
1937 139 169 188 190   220 250 
1936 228 295 322 319   350 397 
1935 229 250 270 279   313 368 
1934 164 205 240 247   273 300 
1933 160 192 197 204   244 284 
1932 182 222  246   278 312 
1931 183 211  237   280 313 
1930 184 211  257   345 401 

Table 2.2:  Highest water level in the year (in cm). Source: Waterstat (1930-2005), 
Waterbase (2006-7). Asterisks indicate Waterbase data not retrieved for this 
project’s purposes. Events in boldface are analysed in Chapter 3. 
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Year Den Helder Den Oever Korn…zand Harlingen Lauwersoog Eemshaven Delfzijl Nieuw St. 
2007 * * * * * * 9 Nov * 
2006 * * * * * * 1 Nov * 
2005 12 Feb 12 Feb 17 Dec 16 Dec 16 Dec 16 Dec 17 Dec 17 Dec 
2004 8 Feb 8 Feb 9 Feb 8 Feb 8 Feb 9 Feb 9 Feb 9 Feb 
2003 21 Dec 21 Dec 15 Dec 21 Dec 21 Dec 21 Dec 21 Dec 15 Dec 
2002 27 Oct 27 Oct 28 Oct 27 Oct 28 Oct 28 Oct 28 Oct 28 Oct 
2001 28 Dec 28 Dec 31 Oct 28 Dec 31 Oct 31 Oct 31 Oct 31 Oct 
2000 30 Jan 30 Jan 30 Jan 30 Jan 30 Jan 30 Jan 30 Jan 30 Jan 
1999 5 Feb 5 Feb 3 Dec 5 Feb 5 Feb 3 Dec 3 Dec 3 Dec 
1998 25 Oct 25 Oct 26 Oct 5 Jan 26 Oct 26 Oct 26 Oct 26 Oct 
1997 20 Feb 2 Oct 2 Oct 2 Oct 2 Oct 2 Oct 2 Oct 2 Oct 
1996 29 Oct 29 Oct 30 Oct 29 Oct 29 Oct 29 Oct 30 Oct 30 Oct 
1995 1 Jan 1 Jan 10 Jan 1 Jan 1 Jan 10 Jan 10 Jan 10 Jan 
1994 28 Jan 28 Jan 28 Jan 28 Jan 28 Jan 28 Jan 28 Jan 28 Jan 
1993 21 Feb 21 Feb 21 Feb 21 Feb 21 Feb 23 Jan 23 Jan 21 Feb 
1992 20 Nov 20 Nov 19 Nov 20 Nov 3 Feb 19 Nov 20 Nov 19 Nov 
1991 20 Dec 20 Dec 20 Dec 20 Dec 20 Dec 20 Dec 20 Dec 20 Dec 
1990 26 Feb 26 Feb 27 Feb 26 Feb 12 Dec 27 Feb 27 Feb 27 Feb 
1989 14 Feb 14 Feb 14 Feb 14 Feb 14 Feb 14 Feb 14 Feb 14 Feb 
1988 5 Dec 5 Dec 24 Dec 5 Dec 5 Dec 5 Dec 5 Dec 24 Dec 
1987 28 Mar 28 Mar 20 Nov 20 Nov 20 Nov 20 Nov 20 Nov 20 Nov 
1986 14 Jan 14 Jan 15 Jan 15 Jan 15 Jan 15 Jan 15 Jan 15 Jan 
1985 6 Nov 6 Nov 11 Nov 6 Nov 11 Nov 6 Nov 11 Nov 11 Nov 
1984 3 Jan 3 Jan 8 Jan 3 Jan 3 Jan 3 Jan 8 Jan 8 Jan 
1983 1 Feb 1 Feb 2 Feb 1 Feb 2 Feb 2 Feb 2 Feb 2 Feb 
1982 16 Dec 16 Dec 16 Dec 16 Dec 16 Dec 16 Dec 16 Dec 16 Dec 
1981 24 Nov 24 Nov 24 Nov 24 Nov 24 Nov 24 Nov 24 Nov 24 Nov 
1980 13 Sep 19 Apr 20 Apr 20 Apr 20 Apr 20 Apr 20 Apr 20 Apr 
1979 18 Dec 18 Dec 30 Apr 18 Dec 18 Dec 18 Dec 18 Dec 30 Apr 
1978 4 Jan 4 Jan 4 Jan 4 Jan 4 Jan  4 Jan 4 Jan 
1977 30 Dec 30 Dec 31 Dec 14 Nov 31 Dec  31 Dec 31 Dec 
1976 3 Jan 3 Jan 4 Jan 3 Jan 3 Jan  4 Jan 4 Jan 
1975 26 Jan 26 Jan 20 Nov 26 Jan 20 Nov  22 Nov 20 Nov 
1974 28 Oct 28 Oct 5 Dec 28 Oct 18 Dec  5 Dec 5 Dec 
1973 13 Dec 2 Apr 19 Nov 13 Dec 13 Dec  19 Nov 19 Nov 
1972 13 Nov 13 Nov 24 Oct 13 Nov 24 Oct  24 Oct 24 Oct 
1971 21 Nov 21 Nov 22 Nov 21 Nov 21 Nov  22 Nov 22 Nov 
1970 20 Feb 3 Nov 4 Nov 3 Nov 3 Nov  4 Nov 4 Nov 
1969 2 Feb 2 Feb 29 Nov 2 Feb   29 Nov 29 Nov 
1968 6 Mar 6 Mar 4 Jan 6 Mar   4 Jan 4 Jan 
1967 23 Feb 23 Feb 23 Feb 23 Feb   23 Feb 23 Feb 
1966 30 Nov 30 Nov 1 Dec 30 Nov   1 Dec 1 Dec 
1965 2 Nov 10 Dec 13 Feb 2 Nov   13 Feb 13 Feb 
1964 3 Dec 3 Dec 4 Dec 3 Dec   3 Dec 4 Dec 
1963 22 Nov 22 Nov 14 Oct 14 Oct   14 Oct 14 Oct 
1962 16 Feb 16 Feb 16 Feb 16 Feb   16 Feb 16 Feb 
1961 6 Dec 21 Mar 21 Mar 21 Mar   21 Mar 21 Mar 
1960 20 Jan 20 Jan 20 Jan 20 Jan   20 Jan 20 Jan 
1959 28 Oct 3 Jan 3 Jan 3 Jan   3 Jan 3 Jan 
1958 9 Jan 9 Jan 10 Jan 9 Jan   10 Jan 10 Jan 
1957 12 Sep 12 Sep 26 Aug 12 Sep   2 Feb 26 Aug 
1956 21 Jan 18 Jan 27 Nov 18 Jan   19 Jan 27 Nov 
1955 13 Jan 13 Jan 13 Jan 13 Jan   13 Jan 13 Jan 
1954 22 Dec 22 Dec 22 Dec 22 Dec   22 Dec 22 Dec 
1953 1 Feb 1 Feb 1 Feb 31 Jan   1 Feb 1 Feb 
1952 31 Jan 6 Nov 6 Nov 6 Nov   6 Nov 6 Nov 
1951 10 Dec 10 Dec 28 Nov 28 Nov   28 Nov 28 Nov 
1950 13 Nov 13 Nov 11 Oct 11 Oct   11 Oct 11 Oct 
1949 1 Mar 1 Mar 1 Mar 1 Mar   4 Dec 1 Mar 
1948 9 Feb 9 Feb 20 Sep 5 Nov   20 Sep 20 Sep 
1947 25 Nov 25 Nov 24 Apr 25 Nov   24 Nov 24 Apr 
1946 23 Feb 24 Feb 24 Feb 20 Feb   24 Feb 24 Feb 
1945 19 Jan 19 Jan 2 Mar 19 Jan   19 Jan 2 Mar 
1944 26 Jan 4 Feb 4 Feb 4 Feb   4 Feb 4 Feb 
1943 7 Apr 7 Apr 8 Apr 8 Apr   8 Apr 8 Apr 
1942 29 Dec 29 Dec 30 Dec 30 Dec   30 Dec 30 Dec 
1941 7 Dec 18 Oct 18 Oct 18 Oct   18 Oct 18 Oct 
1940 6 Dec 7 Dec 24 Aug 7 Dec   24 Aug 24 Aug 
1939 27 Nov 9 Mar 9 Mar 8 Mar   9 Mar 9 Mar 
1938 29 Jan 29 Jan 29 Jan 29 Jan   29 Jan 29 Jan 
1937 15 Mar 15 Mar 16 Mar 15 Mar   16 Mar 16 Mar 
1936 1 Dec 1 Dec 1 Dec 1 Dec   1 Dec 1 Dec 
1935 20 Oct 20 Oct 14 Feb 20 Oct   14 Feb 14 Feb 
1934 14 Oct 15 Oct 8 Feb 15 Oct   15 Oct 8 Feb 
1933 2 Nov 2 Nov 14 Feb 12 Oct   14 Feb 14 Feb 
1932 28 Nov 28 Nov  28 Nov   28 Nov 28 Nov 
1931 17 Jan 17 Jan  5 Dec   17 Jan 17 Jan 
1930 23 Nov 23 Nov  23 Nov   23 Nov 23 Nov 

Table 2.3:  Dates of the year-record highest water level. Source: Waterstat (1930-2005), 
Waterbase (2006-7). Asterisks indicate data not retrieved for this project’s 
purposes. Events in boldface are analysed in Chapter 3. 
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Year Den Helder Den Oever Kornw..zand Harlingen Eemshaven Delfzijl Nieuw St. 

2005 -307 -307 1 0 0 1 1 
2004 0 0 1 0 1 1 1 
2003 0 0 -6 0 0 0 -6 
2002 -1 -1 0 -1 0 0 0 
2001 58 58 0 58 0 0 0 
2000 0 0 0 0 0 0 0 
1999 0 0 301 0 301 301 301 
1998 -1 -1 0 -294 0 0 0 
1997 -224 0 0 0 0 0 0 
1996 0 0 1 0 0 1 1 
1995 0 0 9 0 9 9 9 
1994 0 0 0 0 0 0 0 
1993 0 0 0 0 -29 -29 0 
1992 291 291 290 291 290 291 290 
1991 0 0 0 0 0 0 0 
1990 -289 -289 -288 -289 -288 -288 -288 
1989 0 0 0 0 0 0 0 
1988 0 0 19 0 0 0 19 
1987 -237 -237 0 0 0 0 0 
1986 -1 -1 0 0 0 0 0 
1985 -5 -5 0 -5 -5 0 0 
1984 0 0 5 0 0 5 5 
1983 -1 -1 0 -1 0 0 0 
1982 0 0 0 0 0 0 0 
1981 0 0 0 0 0 0 0 
1980 146 -1 0 0 0 0 0 
1979 0 0 -232 0 0 0 -232 
1978 0 0 0 0  0 0 
1977 -1 -1 0 -47  0 0 
1976 0 0 1 0  1 1 
1975 -298 -298 0 -298  2 0 
1974 -51 -51 -13 -51  -13 -13 
1973 0 -255 -24 0  -24 -24 
1972 20 20 0 20  0 0 
1971 0 0 1 0  1 1 
1970 -256 0 1 0  1 1 

 
Table 2.4:  Time lags in days (ahead or past) between the dates of the year-record 

highest water level in Lauwersoog and the other stations (since 1970). 
Background-colour coding: white, 2 days; pale green, 3-7 days; green, 8-30 
days; pale blue, 31-180 days; blue, >180 days.  
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Year Den Helder Den Oever Kornw..zand Harlingen Lauwersoog Eemshaven Delfzijl Nieuw St. 
2005   245 249 273 293 323 367 
2004 217 268 285 272 262 288 333 370 
2003 218 253  267 275 273 303 ??? 
2002 231 272 285 285 264 280 306 322 
2001   288  248 261 302 325 
2000 227 267 288 293 320 340 383 390 
1999 213 257  284 297    
1998 214 248 273  272 281 304 325 
1997  193 217 223 248 259 288 329 
1996 191 227 248 255 268 296 331 363 
1995 237 306  329 320    
1994 242 310 339 344 343 383 425 482 
1993 265 338 337 331 307   389 
1992     240    
1991 233 268 291 299 286 309 338 354 
1990     341    
1989 253 285 298 296 283 284 308 330 
1988 220 255  279 258 276 300  
1987   246 249 285 284 321 352 
1986 220 249 278 289 247 252 276 295 
1985   257  266  314 355 
1984 218 249  289 270 289   
1983 270 319 347 355 336 351 388 420 
1982 220 257 284 297 284 302 335 357 
1981 227 272 296 303 324 357 391 425 
1980  215 225 239 256 266 307 357 
1979 231 272  291 260 256 292  
1978 178 211 232 233 234  278 320 
1977 220 268 300  327  396 447 
1976 297 348 375 369 375  435 472 
1975   215  237  265 313 
1974     269    
1973 233   327 339    
1972   228  216  248 272 
1971 222 271 294 284 272  320 356 
1970  267 298 305 288  318 380 

 
Table 2.5:  Year-record highest water levels (in cm); only for events generating a record 

in Lauwersoog. Source: Waterstat (1970-2005). 
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Year Den Helder Den Oever Kornw..zand Harlingen Lauwersoog Eemshaven Nieuw St. 
2005 -308 -308 0 -1 -1 -1 0 
2004 -1 -1 0 -1 -1 0 0 
2003 0 0 -6 0 0 0 -6 
2002 -1 -1 0 -1 0 0 0 
2001 58 58 0 58 0 0 0 
2000 0 0 0 0 0 0 0 
1999 -301 -301 0 -301 -301 0 0 
1998 -1 -1 0 -294 0 0 0 
1997 -224 0 0 0 0 0 0 
1996 -1 -1 0 -1 -1 -1 0 
1995 -9 -9 0 -9 -9 0 0 
1994 0 0 0 0 0 0 0 
1993 29 29 29 29 29 0 29 
1992 0 0 -1 0 -291 -1 -1 
1991 0 0 0 0 0 0 0 
1990 -1 -1 0 -1 288 0 0 
1989 0 0 0 0 0 0 0 
1988 0 0 19 0 0 0 19 
1987 -237 -237 0 0 0 0 0 
1986 -1 -1 0 0 0 0 0 
1985 -5 -5 0 -5 0 -5 0 
1984 -5 -5 0 -5 -5 -5 0 
1983 -1 -1 0 -1 0 0 0 
1982 0 0 0 0 0 0 0 
1981 0 0 0 0 0 0 0 
1980 146 -1 0 0 0 0 0 
1979 0 0 -232 0 0 0 -232 
1978 0 0 0 0 0  0 
1977 -1 -1 0 -47 0  0 
1976 -1 -1 0 -1 -1  0 
1975 -300 -300 -2 -300 -2  -2 
1974 -38 -38 0 -38 13  0 
1973 24 -231 0 24 24  0 
1972 20 20 0 20 0  0 
1971 -1 -1 0 -1 -1  0 
1970 -257 -1 0 -1 -1  0 
1969 -300 -300 0 -300   0 
1968 62 62 0 62   0 
1967 0 0 0 0   0 
1966 -1 -1 0 -1   0 
1965 262 300 0 262   0 
1964 0 0 1 0   1 
1963 39 39 0 0   0 
1962 0 0 0 0   0 
1961 260 0 0 0   0 
1960 0 0 0 0   0 
1959 298 0 0 0   0 
1958 -1 -1 0 -1   0 
1957 222 222 205 222   205 
1956 2 -1 313 -1   313 
1955 0 0 0 0   0 
1954 0 0 0 0   0 
1953 0 0 0 -1   0 
1952 -280 0 0 0   0 
1951 12 12 0 0   0 
1950 33 33 0 0   0 
1949 -278 -278 -278 -278   -278 
1948 -224 -224 0 46   0 
1947 1 1 -214 1   -214 
1946 -1 0 0 -4   0 
1945 0 0 42 0   42 
1944 -9 0 0 0   0 
1943 -1 -1 0 0   0 
1942 -1 -1 0 0   0 
1941 50 0 0 0   0 
1940 104 105 0 105   0 
1939 263 0 0 -1   0 
1938 0 0 0 0   0 
1937 -1 -1 0 -1   0 
1936 0 0 0 0   0 
1935 248 248 0 248   0 
1934 -1 0 -249 0   -249 
1933 261 261 0 240   0 
1932 0 0  0   0 
1931 0 0  322   0 
1930 0 0  0   0 

Table 2.6:  Time lag in days between the date of the year-record highest water level in 
Delfzijl and the other stations (1930-2005). Background-colour coding: 
white, <2 days; pale green, 3-7 days; green, 8-30 days; pale blue, 31-180 days; 
blue, >180 days.  



 

 
Alkyon Hydraulic Consultancy and Research                                                                                                      A2108 
August 2008                                                                                              Simulation studies for storm winds, flow fields and wave climate in the Wadden Sea 

 
Year Den Helder Den Oever Kornw..zand Harlingen Lauwersoog Eemshaven Delfzijl Nieuw St. 
2007 * * * * * * 412 * 
2006 * * * * * * 483 * 
2005   245 249 273 293 323 367 
2004 217 268 285 272 262 288 333 370 
2003 218 253  267 275 273 303  
2002 231 272 285 285 264 280 306 322 
2001   288  248 261 302 325 
2000 227 267 288 293 320 340 383 390 
1999   282   326 366 407 
1998 214 248 273  272 281 304 325 
1997  193 217 223 248 259 288 329 
1996 191 227 248 255 268 296 331 363 
1995   334   362 404 449 
1994 242 310 339 344 343 383 425 482 
1993      325 350  
1992 173 208 223 233  258 286 303 
1991 233 268 291 299 286 309 338 354 
1990 275 316 355 366  364 392 421 
1989 253 285 298 296 283 284 308 330 
1988 220 255  279 258 276 300  
1987   246 249 285 284 321 352 
1986 220 249 278 289 247 252 276 295 
1985   257  266  314 355 
1984   281    317 348 
1983 270 319 347 355 336 351 388 420 
1982 220 257 284 297 284 302 335 357 
1981 227 272 296 303 324 357 391 425 
1980  215 225 239 256 266 307 357 
1979 231 272  291 260 256 292  
1978 178 211 232 233 234  278 320 
1977 220 268 300  327  396 447 
1976 297 348 375 369 375  435 472 
1975   215  237  265 313 
1974   279    315 348 
1973   325    419 460 
1972   228  216  248 272 
1971 222 271 294 284 272  320 356 
1970  267 298 305 288  318 380 
1969   302    317 357 
1968   249    278 301 
1967 219 253 290 299   349 390 
1966 210 262 296 298   327 343 
1965   274    328 360 
1964 199 230 249 250   301 330 
1963   237 241   301 331 
1962 251 300 330 340   446 495 
1961  236 267 265   313 367 
1960 230 306 340 320   260 303 
1959  205 228 238   278 307 
1958 227 281 309 302   318 366 
1957       238  
1956 189 221  250   290  
1955 193 231 255 258   300 339 
1954 289 355 386 369   393 461 
1953 325 370 373 366   327 370 
1952  188 219 222   274 320 
1951   239 230   269 316 
1950   201 208   237 278 
1949       318  
1948   222    271 312 
1947 170 215  225   235  
1946 204 237 255    285 333 
1945 230 295  294   301  
1944  266 295 292   448 531 
1943 222 275 285 280   353 385 
1942 210 262 275 272   284 315 
1941  217 258 260   332 402 
1940   306    295 345 
1939  222 261 253   285 348 
1938 240 273 292 294   320 348 
1937 139 169 188 190   220 250 
1936 228 295 322 319   350 397 
1935   270    313 368 
1934 164 205  247   273  
1933   197    244 284 
1932 182 222  246   278 312 
1931 183 211     280 313 
1930 184 211 245 257   345 401 

Table 2.7: Year-record highest water levels (in cm). Only for events generating a record 
in Delfzijl (1930-2007). Asterisks indicate data not retrieved for this project’s purposes. 
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> 1 per 20 years  > 1 per 2 years > 2 per 1 year 
1 483 01 Nov 2006 7 432 13 Jan 1916 34 349 23 Feb 1967 
2 453 28 Jan 1901 8 425 31 Jan 1877 35 348 30 Dec 1904 
3 451 13 Mar 1906 9 425 28 Jan 1994 36 347 19 Feb 1882 
4 448 04 Feb 1944 10 419 19 Nov 1973 37 345 26 Nov 1928 
5 446 16 Feb 1962 11 412 09 Nov 2007 38 345 23 Nov 1930 
6 435 04 Jan 1976 12 404 10 Jan 1995 39 338 03 Jan 1922 
   13 396 31 Dec 1977 40 338 20 Dec 1991 
   14 393 22 Dec 1954 41 335 16 Dec 1982 
   15 392 27 Feb 1990 42 333 3 Feb 1898 
   16 391 24 Nov 1981 43 333 09 Feb 2004 
   17 388 02 Feb 1983 44 332 12 Dec 1880 
   18 385 23 Dec 1894 45 332 18 Oct 1941 
   19 383 12 Dec 1883 46 331 30 Oct 1996 
   20 383 30 Jan 2000 47 328 13 Feb 1965 
   21 382 02 Dec 1917 48 327 06 Feb 1924 
   22 381 15 Oct 1881 49 327 01 Feb 1953 
   23 368 12 Dec 1929 50 327 01 Dec 1966 
   24 366 18 Sep 1914 51 323 17 Dec 2005 
   25 366 03 Dec 1999 52 322 22 Nov 1903 
   26 354 7 Dec 1895 53 321 20 Nov 1987 
   27 354 02 Nov 1921 54 320 29 Jan 1938 
   28 353 8 Mar 1878 55 320 22 Nov 1971 
   29 353 07 Jan 1905 56 318 26 Jan 1902 
   30 353 08 Apr 1943 57 318 04 Dec 1949 
   31 351 10 Oct 1926 58 318 10 Jan 1958 
   32 350 01 Dec 1936 59 318 04 Nov 1970 
   33 350 23 Jan 1993 60 317 29 Nov 1969 
      61 317 08 Jan 1984 
      62 315 05 Dec 1974 
      63 314 24 Dec 1918 
      64 314 11 Nov 1985 
      65 313 14 Feb 1935 
      66 313 21 Mar 1961 
      67 310 27 Oct 1884 
      68 308 14 Feb 1989 
      69 307 23 Nov 1908 
      70 307 20 Apr 1980 
      71 306 21 Feb 1907 
      72 306 28 Oct 2002 
      73 304 26 Oct 1998 
      74 303 21 Dec 2003 
      75 302 31 Oct 2001 
      76 301 19 Jan 1945 
      77 301 14 Oct 1963 
      78 301 03 Dec 1964 
      79 300 13 Jan 1955 
      80 300 05 Dec 1988 

 
Table 3.1:  Year-record highest water levels (300+ cm only) at Delfzijl. Years 1877-2007. 

Column sorting follows exceedance water levels. Boldface records indicate 
available wind measurements at Huibertgat. 

 
 
 

 Duration Octant frequency Beaufort strength frequency 

 start end NE E SE S SW W NW N 4 5 6 7 8 9+ 

1 NOV 06 -1.75 2.00 0 0 0 0 28 10 17 45 4 19 38 15 18 6 

12 JAN 07 -3.25 1.50 0 0 0 1 53 36 10 0 0 4 20 45 30 2 

18 JAN 07 0.25 2.00 0 0 0 2 19 64 15 0 0 20 22 34 12 12 

9 NOV 07 -3.5 1.5 5 0 0 0 0 3 55 37 0 0 4 9 17 70 

 
Table 4.1.  Beginning and end (in the fractional-day timeframe), and frequency of 

octants and Beaufort strengths (in percentage) for the simulated storms. The 
occurrences with highest frequency are in boldface. 
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Code Date Time Water level at 

Delfzijl wrt NAP 
S11 1 November, 2006   4:00 3.09 
S12 1 November, 2006   6:30 4.09 
S13 1 November, 2006   9:30 2.13 
S21 11 January, 2007 23:00 1.32 
S22 12 January, 2007   3:30 3.53 
S23 12 January, 2007   7:00 2.50 
S31 18 January, 2007 12:00 1.32 
S32 18 January, 2007 21:30 3.53 
S33 19 January 2007   1:00 2.50 
S41 9 November 2007   7:00 1.21 
S42 9 November 2007   9:30 3.24 
S43 9 November 2007 13:00 1.93 

 
Table 7.1:  Selected time instants and corresponding water level at Delfzijl used in the 

impact analysis. 
 
 

Point X (m) Y (m) 
1 206.132 603.969 
2 235.955 607.938 
3 251.112 609.883 
4 258.199 596.420 
K 220.000 603.800 

 
Table 7.2: Coordinates of the output locations used in the impact analysis. 
 
 

Condition \ grid name eems1 eems2 eems3 eems4 
From 300º North 80.59 200.12 398.41 650.21 
From 330º North 80.09 201.20 400.09 650.30 

 
Table 7.3: Computational times (in seconds) for two iterations per grid. 
 
Storm code Storm date Time 

(hours) 
Wind speed 

[m/s] 
Huibertgat 

Direction 
[ºN] 

S11 1 November, 2006 04:00 21.8 330 
S12 1 November, 2006 06:30 19.4 340 
S13 1 November, 2006 09:30 17.3 350 
S21 11 January, 2007 23:00 18.8 290 
S22 12 January, 2007 03:30 16.0 290 
S23 12 January, 2007 07:00 13.0 280 
S31 18 January, 2007 12:00 21.3 240 
S32 18 January, 2007 21:30 13.2 315 
S33 19 January, 2007 01:00 13.0 280 
S41 9 November, 2007 07:00 19.5 322 
S42 9 November, 2007 09:30 19.0 335 
S43 9 November, 2007 13:00 19.0 335 

 
 Table 7.4:  Wind speed and wind direction for selected storm instants. 
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Storm code Storm date Time Hm0 [m] Tp [s] Mean dir. [ºN] Spreading

[°] 
S11 1 November, 2006 04:00 7.84 14.2 330 26 
S12 1 November, 2006 06:30 7.67 15.0 328 25 
S13 1 November, 2006 09:30 7.75 15.0 330 25 
S21 11 January, 2007 23:00 4.23 9.1 288 27 
S22 12 January, 2007 03:30 5.75 11.1 302 25 
S23 12 January, 2007 07:00 4.54 11.1 306 25 
S31 18 January, 2007 12:00 2.46 10.0 251 36 
S32 18 January, 2007 21:30 3.89 10.0 281 27 
S33 19 January, 2007 01:00 2.82 7.7 294 33 
S41 9 November, 2007 07:00 7.04 12.5 327 25 
S42 9 November, 2007 09:30 7.90 14.2 327 25 
S43 9 November, 2007 13:00 8.33 17.0 327 23 
 
 Table 7.5: Offshore wave boundary conditions for selected storm instants. 
 
 Location 1 Location 2 Location 3 Location 4 

Storm Hm0 
(m) 

Tm-1,0 
(s) 

Dir 
(°N) 

Hm0 
(m) 

Tm-1,0 
(s) 

Dir 
(°N) 

Hm0 
(m) 

Tm-1,0 
(s) 

Dir 
(°N) 

Hm0 
(m) 

Tm-1,0 
(s) 

Dir 
(°N) 

S11 1.48 3.65 332.73 1.11 3.47 330.67 2.18 4.04 337.91 1.29 3.33 340.90 
S12 1.24 3.43 340.13 1.08 3.63 341.47 1.93 4.55 330.55 1.41 3.93 352.17 
S13 0.85 2.99 346.50 0.49 2.39 347.01 1.68 4.57 334.10 1.02 3.73   11.10 
S21 1.00 2.87 318.64 0.52 2.14 301.48 1.59 3.85 304.87 0.69 2.36 299.45 
S22 0.99 3.26 307.54 0.86 3.11 300.90 1.47 4.05 306.51 0.84 2.92 324.50 
S23 0.64 2.76 297.22 0.50 2.36 291.18 1.47 4.50 307.48 0.64 2.84 335.43 
S31 0.70 2.54 282.65 0.20 1.09 253.75 1.40 3.97 288.17 0.65 2.30 247.06 
S32 0.85 3.13 320.75 0.68 2.84 320.27 1.17 3.66 315.05 0.77 2.87 340.65 
S33 0.60 2.84 302.20 0.38 2.05 292.86 1.39 4.49 306.13 0.56 2.61 325.12 
S41 1.27 3.43 329.93 0.91 3.09 323.35 1.82 3.69 334.88 1.00 2.91 332.72 
S42 1.24 3.54 334.96 1.06 3.62 336.56 1.80 4.24 328.63 1.29 3.59 347.79 
S43 1.00 3.05 333.48 0.67 2.75 334.09 2.04 4.84 325.54 1.18 3.77     3.48 
 
Table 7.6:   Summary of integral wave parameters at the four output locations for each 

of the 12 storm instants. 
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 Location 1 Location 2 Location 3 Location 4 

Storm Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 -2.10  2.13 4.04  0.43  2.19 0.82  -3.26  11.53 17.77 3.45 10.52   0.78 

S12 -0.54  0.98 5.49 -0.39 -0.62 1.03  -2.66  -4.21   1.10 -0.12 -0.39   1.11 

S13  6.60 -2.75 3.63 -0.08 -3.41 0.77 -15.9 -20.86   1.57 -7.79 -16.00   4.76 

S21  4.29 10.95 5.76  0.39  7.58 1.66   3.19   7.71   0.70 2.00 6.50   2.77 

S22  1.72  3.71 0.32  1.31  4.41 0.76   1.43   3.46   0.59 0.58 2.79   1.79 

S23  5.00  0.17 8.60  1.60  1.38 1.17 -28.8 -24.22   2.91 -16.1 -21.17 28.15 

S31  3.30 -0.50 5.29  1.17 12.18 0.54  -5.82  -9.50   0.61 0.25 -4.76  2.18 

S32  0.07  2.97 2.43  1.46  3.35 1.43   2.83   4.13   1.69 1.71  4.12  1.66 

S33  2.65 -9.13 7.10  1.41  1.05 0.53 -27.6 -27.88   1.41 -11.3 -18.30 24.63 

S41 -1.36  3.62 5.76  0.79  4.03 0.48   0.09  15.26  20.43 3.37  11.36  1.36 

S42  0.34 -0.40 4.05   0.19  0.16 0.69   2.44   3.27  2.16 2.49    5.81  0.53 

S43  7.23  3.63 1.28  0.06 -1.49 0.84 -16.7 -16.69   3.57 -7.72 -10.65 15.08 

 
Table 7.7:  Relative impact of deactivating currents on the integral wave parameters at 

the four output locations for each of the 12 storm instants. 
 
 
 Location 1 Location 2 Location 3 Location 4 

Storm Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 -0.09 -0.09 0.01 -0.00 0.01 0.01 -0.02 -0.03 0.03 -0.00 -0.01 0.00 

S12 -0.02 -0.02 0.00 -0.01 -0.00 0.01 -0.03 -0.01 0.01 -0.01 -0.01 0.00 

S13 0.09 0.05 0.07 -0.00 0.03 0.09 0.07 -0.06 0.11 0.05 -0.08 0.20 

S21 -0.02 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S22 -0.02 -0.03 0.03 0.02 0.01 0.02 -0.01 -0.01 0.00 -0.00 0.00 0.00 

S23 0.02 -0.09 0.02 0.11 -0.09 0.02 -0.37 0.03 0.29 0.05 -0.09 0.00 

S31 0.03 -0.05 0.05 0.00 0.00 0.00 -0.01 0.01 0.00 0.00 0.00 0.00 

S32 -0.02 0.02 0.00 0.02 0.12 0.02 0.01 0.09 0.02 0.00 0.00 0.00 

S33 0.02 -0.06 0.05 0.02 -0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

S41 -0.13 -0.07 0.00 -0.00 0.03 0.00 -0.04 -0.02 0.01 -0.00 -0.00 0.00 

S42 -0.19 0.05 0.07 -0.03 0.05 0.01 0.05 -0.08 0.00 -0.02 -0.01 0.00 

S43 0.01 0.00 0.00 0.00 -0.00 0.00 -0.09 -0.07 0.01 0.00 -0.01 0.00 

 
Table 7.8:  Relative impact of increasing the offshore wave height with 10% on the 

integral wave parameters at the four output locations for each of the 12 
storm instants. 
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 Location 1 Location 2 Location 3 Location 4 

Storm Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 0.01 0.08 0.01 -0.03 0.03 0.01 -0.04 -0.03 0.04 -0.00 -0.01 0.00 

S12 -0.03 0.02 0.00 -0.02 -0.01 0.03 -0.27 -0.23 0.13 -0.03 -0.03 0.00 

S13 0.01 0.00 0.00 0.00 0.00 0.00 -0.24 -0.17 0.11 -0.00 -0.00 0.00 

S21 -0.08 0.04 0.02 -0.00 0.00 0.00 0.03 0.02 0.01 0.00 0.00 0.00 

S22 -0.26 -0.14 0.14 -0.03 0.28 0.01 -0.10 -0.01 0.01 -0.00 0.00 0.00 

S23 -0.10 -0.03 0.05 -0.00 0.03 0.01 0.05 0.05 0.03 0.00 -0.01 0.02 

S31 0.01 -0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S32 -0.22 -0.03 0.01 -0.09 0.13 0.03 -0.04 0.02 0.03 0.00 0.00 0.00 

S33 -0.04 -0.06 0.04 -0.00 0.00 0.00 -0.07 -0.05 0.04 0.00 0.00 0.00 

S41 -0.12 0.04 0.00 -0.04 -0.03 0.02 -0.21 -0.13 0.09 -0.00 -0.01 0.01 

S42 0.00 0.05 0.00 -0.05 0.12 0.01 -0.03 -0.08 0.01 -0.01 -0.02 0.00 

S43 0.01 0.02 0.01 0.00 0.00 0.00 -0.39 -0.28 0.08 -0.00 -0.01 0.01 

 
Table 7.9:  Relative impact of increasing the offshore peak period with 10% on the 

integral wave parameters at the four output locationsfor each of the 12 
storm instants. 

 
 Location 1 Location 2 Location 3 Location 4 

Storm Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 -0.08 0.00 0.01 -0.03 0.01 0.03 -0.07 -0.06 0.05 -0.01 -0.02 0.01 

S12 -0.05 -0.01 0.00 -0.03 -0.02 0.04 -0.32 -0.25 0.14 -0.04 -0.05 0.00 

S13 0.02 0.01 0.01 0.00 0.00 0.00 -0.32 -0.23 0.15 0.00 -0.01 0.02 

S21 -0.06 0.03 0.00 -0.00 0.00 0.00 0.03 0.03 0.01 0.00 0.00 0.00 

S22 -0.28 -0.18 0.17 -0.03 0.29 0.03 -0.11 -0.02 0.01 -0.01 0.00 0.00 

S23 -0.11 -0.05 0.06 0.01 0.01 0.01 0.05 0.04 0.03 0.01 0.00 0.02 

S31 0.03 -0.04 0.04 0.00 0.00 0.00 -0.00 0.00 0.00 0.00 0.00 0.00 

S32 -0.24 -0.02 0.01 -0.07 0.25 0.00 -0.05 0.10 0.06 0.00 0.01 0.00 

S33 -0.05 -0.07 0.04 0.00 0.00 0.00 -0.06 -0.04 0.03 0.00 0.00 0.00 

S41 -0.19 -0.04 0.00 -0.03 -0.03 0.03 -0.26 -0.17 0.12 -0.00 -0.01 0.01 

S42 -0.07 0.03 0.01 -0.06 0.11 0.01 -0.06 -0.09 0.01 -0.02 -0.03 0.00 

S43 0.03 0.02 0.01 -0.00 0.00 0.00 -0.50 -0.36 0.11 -0.02 -0.01 0.00 

 
Table 7.10:  Relative impact of increasing both the offshore wave height and peak 

period with 10% on the integral wave parameters at the four output 
locations for each of the 12 storm instants. 
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 Location 1 Location 2 Location 3 Location 4 

Storm Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Di 
(°)r 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 0.00 0.00 0.00 0.05 0.29 0.15 0.31 0.30 0.19 -0.00 0.00 0.00 

S12 -0.15 -0.00 0.20 -0.02 0.15 0.23 0.48 0.44 0.59 -0.01 -0.04 0.01 

S13 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.11 0.29 0.00 0.02 0.01 

S21 0.00 0.00 0.00 0.00 0.01 0.01 0.07 0.09 0.10 0.00 0.00 0.00 

S22 0.00 0.00 0.00 0.15 0.71 0.20 0.73 0.83 0.21 -0.01 0.01 0.01 

S23 0.00 0.00 0.00 -0.00 0.12 0.04 0.46 0.21 0.01 0.00 0.01 0.01 

S31 -0.14 -0.18 0.03 0.01 0.28 0.46 -0.01 0.12 0.11 -0.57 -0.43 0.08 

S32 0.00 0.00 0.00 0.19 0.71 0.21 0.75 0.96 0.36 -0.01 -0.00 0.01 

S33 0.00 0.00 0.00 0.02 -0.01 0.00 0.31 0.07 0.09 0.01 0.01 0.01 

S41 0.00 0.00 0.00 0.03 0.23 0.09 0.28 0.51 0.33 -0.00 -0.00 0.01 

S42 0.00 0.00 0.00 0.17 0.68 0.15 0.41 0.49 0.31 -0.00 0.01 0.00 

S43 0.00 0.00 0.00 0.03 0.01 0.01 0.18 0.10 0.25 -0.00 0.01 0.00 

 
Table 7.11:  Relative impact of bathymetric changes in the Huibertgat in the period 1998 

to 2006 on the integral wave parameters at the four output locations for 
each of the 12 storm instants. 

 
 Location K Location 2 Location 3 Location 4 

Storm Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 -9.66 -3.17 0.31 6.25 2.63 1.04 0.06 0.04 0.07 0.00 0.00 0.00 

S12 -10.0 -3.09 1.34 6.25 2.80 2.25 0.13 0.05 0.07 0.00 0.00 0.00 

S13 -32.4 -21.6 1.07 17.58 8.15 2.17 0.03 0.02 0.05 0.00 0.00 0.00 

S21 -28.6 -21.6 1.64 15.64 7.00 0.39 0.16 0.09 0.10 0.00 0.00 0.00 

S22 -7.81 -1.52 1.93 3.46 1.59 0.15 0.19 0.12 0.13 0.00 0.01 0.00 

S23 -20.8 -8.22 2.17 6.47 2.54 0.28 0.16 0.05 0.01 0.00 0.01 0.00 

S31 dry dry dry 45.16 18.36 0.44 0.24 0.24 0.04 0.00 0.00 0.00 

S32 -5.76 -0.99 1.11 3.50 1.60 0.44 0.10 0.08 0.08 -0.00 0.00 0.00 

S33 -40.4 -27.5 4.12 12.15 4.26 0.63 0.19 0.06 0.03 0.00 0.00 0.00 

S41 -11.6 -3.93 1.11 7.09 2.89 0.99 0.06 0.05 0.07 0.00 0.00 0.00 

S42 -9.87 -2.79 0.50 5.69 2.58 1.84 0.08 0.07 0.06 0.00 0.00 0.00 

S43 -21.6 -12.5 0.27 11.95 5.20 1.60 0.06 0.02 0.05 -0.00 0.01 0.00 

 
Table 7.12:  Relative impact of bathymetric changes due to an elevated salt marsh and 

subsidence due to gas extraction on the integral wave parameters at the 
extra and the three output locations for each of the 12 storm instants.  



 

 
Alkyon Hydraulic Consultancy and Research                                                                                                      A2108 
August 2008                                                                                              Simulation studies for storm winds, flow fields and wave climate in the Wadden Sea 

 
 Water level in m wrt NAP 

Storm instant Location 1 Location 2 Location 3 Location 4 
S11 3.20 3.37 3.18 3.09 
S12 2.83 3.38 3.59 4.09 
S13 1.24 1.63 1.67 2.13 
S22 2.96 3.25 3.35 3.53 
S32 2.74 2.94 3.02 3.24 
S42 3.00 3.37 3.51 3.77 

Table 7.13: Water level (in meters wrt NAP) at output points for selected time instants 
 
 

 Location 1 Location 2 Location 3 Location 4 
Storm 
instant 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 0.59 1.01 0.08 -4.34 -1.40 0.25 0.65 0.50 0.35 1.52 0.78 0.11 

S12 0.76 1.14 0.83 -15.3 -8.91 2.21 -3.58 -1.96 2.94 -16.2 -9.73 1.24 

S13 0.84 0.79 0.53 -28.3 -21.5 0.45 -2.51 -0.40 3.15 -24.3 -13.6 0.64 

S22 0.71 1.18 0.25 -6.22 -3.87 0.66 -1.37 -1.09 0.05 -5.68 -4.56 4.25 

S32 0.87 1.36 0.01 -3.69 -1.79 0.08 -0.85 -0.48 0.19 -6.10 -4.11 2.56 

S42 0.39 0.86 0.42 -9.87 -6.09 1.26 -2.26 -1.70 -1.70 -10.8 -7.05 0.67 

 
Table 7.14:  Relative impact due applying a horizontal water level at location 1 on the 

integral wave parameters at the four output locations for each of the 6 
selected storm instants. 

 
 

 Location 1 Location 2 Location 3 Location 4 
Storm 
instant 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 2.04 2.42 0.39 0.56 1.91 0.43 1.76 1.42 0.59 4.69 2.79 0.57 

S12 5.79 5.34 2.19 0.89 2.35 0.74 -0.18 0.43 0.85 -7.77 -4.05 0.38 

S13 6.20 3.46 1.77 0.29 1.24 0.41 0.62 0.57 1.18 -12.8 -6.04 0.66 

S22 4.83 4.34 0.47 1.11 1.97 0.56 0.24 0.25 0.11 -2.62 -1.92 1.87 

S32 3.40 3.59 0.45 1.83 2.18 0.34 0.23 0.43 0.06 -3.39 -2.18 1.36 

S42 4.21 4.03 1.06 0.64 1.58 0.44 -0.01 0.04 0.32 -5.00 -2.92 0.30 

 
Table 7.15:  Relative impact due applying a horizontal water level at location 2 on the 

integral wave parameters at the four output locations for each of the 6 
selected storm instants. 

 
 Location 1 Location 2 Location 3 Location 4 

Storm 
instant 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 0.40 0.86 0.07 -4.94 -1.79 0.20 0.52 0.39 0.32 1.17 0.55 0.06 

S12 8.01 6.95 2.65 6.88 6.09 0.16 1.35 1.21 0.05 -4.92 -2.22 0.21 

S13 6.77 3.76 2.06 3.15 2.88 0.44 0.95 0.70 1.03 -11.6 -5.44 0.07 

S22 6.24 5.44 0.65 3.70 3.84 0.69 0.79 0.77 0.12 -1.62 -1.11 0.92 

S32 4.44 4.44 0.62 3.99 3.74 0.43 0.66 0.79 0.01 -2.31 -1.42 0.93 

S42 5.69 5.23 1.27 4.42 4.42 0.12 0.85 0.71 0.14 -2.99 -1.49 0.11 

 
Table 7.16:  Relative impact due applying a horizontal water level at location 3 on the 

integral wave parameters at the four output locations for each of the 6 
selected storm instants. 
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 Location 1 Location 2 Location 3 Location 4 

Storm 
instant 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

Hm0 
(%) 

Tm-1,0 
(%) 

Dir 
(°) 

S11 -0.30 0.07 0.15 -7.56 -3.64 0.13 -0.06 -0.08 0.18 -0.37 -0.46 0.14 

S12 13.58 11.25 3.53 20.71 14.36 1.15 4.78 3.38 1.60 2.03 1.91 0.07 

S13 13.42 7.09 3.81 35.11 11.16 0.67 4.45 2.23 0.61 0.75 0.70 0.54 

S22 8.91 7.28 1.06 8.23 7.22 0.85 1.81 1.59 0.23 0.13 0.32 0.42 

S32 7.33 6.75 1.09 10.04 7.93 0.73 2.03 1.69 0.18 0.95 0.87 0.25 

S42 8.49 7.48 1.68 11.50 9.20 0.51 2.49 1.93 0.96 0.71 0.79 0.09 

 
Table 7.17:  Relative impact due applying a horizontal water level at location 4 on the 

integral wave parameters at the four output locations for each of the 6 
selected storm instants. 
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Figure 2.1: Map of the Wadden Sea, with locations of the measurement stations considered in the 
chapter. Black spots: water levels; Red spots: wind. Note: The coastline is indicative and not strictly 
connected to the bathymetry in use (The shoals of Rottumerplaat and Rottumeroog are indicated by 
an oval). 
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Figure 2.2: History of year-record high water levels at selected stations (in cm) since 1930. Bullet points 
indicate top-5 records also appearing in Table 3.1. Source: Waterstat (1930-2005), Waterbase (2006-7). 
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Figure 2.3: History of year-record high water levels relative to the value at Lauwersoog. Source: 
Waterstat (1970-2005). 
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Figure 2.4: History of year-record high water level (in cm); only for events generating a record in 
Lauwersoog. Source: Waterstat (1970-2005). 
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Figure 2.5: Scatter plots of the year-record high water levels (in cm) for Lauwersoog (1970-2005) 
against those at Kornwerderzand, Harlingen, Eemshaven (1979-2005) and Delfzijl. Simultaneous events 
only. With linear correlations. Source: Waterstat. 
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Figure 2.6: Scatter plots of the year-record high water levels for Harlingen (1933-2005) against those at 
Harlingen, Den Helder, Den Oever, Kornwerderzand and Eemshaven. Simultaneous events only. With 
linear correlations. Source: Waterstat. 
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Figure 2.7: Scatter plots of the year-record high water levels for Delfzijl (1933-2005), with Harlingen, 
Lauwersoog (1970-2005), Eemshaven (1979-2005) and Nieuw Statenzijl. Simultaneous events only. 
With linear correlations. Source: Waterstat 
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Figure 2.8: History of year mean water levels at selected stations (in cm). Source: Waterstat (1930-
2005). 
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1 NOV 2006 (YR 1) :: Wind Speed / Water Levels
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1 NOV 2006 (YR 1) :: Wind direction / Water levels
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Figure 3.1: Histories of wind speed and direction against time in days across 1 Nov 2006 (YR 1). 
(Source: HYDRA, hourly data). Total and tide-free water levels given in the lower bands, with separate 
axis (Source: Waterbase, hourly peaks from 10min data). The interval (0,1) in abscissa represents the 
record day. 
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28 JAN 1994 (YR 9) :: Wind Speed / Water Levels
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28 JAN 1994 (YR 9) :: Wind direction / Water levels
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Figure 3.2: Storm of 28 Jan 1994 (YR 9). Same notation and sources as Figure 3.1. 
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10 JAN 1995 (YR 12) :: Wind Speed / Water Levels
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10 JAN 1995 (YR 12) :: Wind direction / Water levels
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Figure 3.3: Storm of 10 Jan 1995 (YR 12). Same notation and sources as Figure 3.1. 
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27 FEB 1990 (YR 15) :: Wind Speed / Water Levels
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27 FEB 1990 (YR 15) :: Wind direction / Water levels

-45

0

45

90

135

180

225

270

315

360

-14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8

Huibertgat (s285) Texelhors (s299) Delfzijl: water levels Delfzijl: tide-free surge

5 m

N

N

S

W

E

 
Figure 3.4: Storm of 27 Feb 1990 (YR 15). Same notation and sources as Figure 3.1. 
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24 NOV 1981 (YR 16) :: Wind Speed / Water Levels
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24 NOV 1981 (YR 16) :: Wind direction / Water levels
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Figure 3.5: Storm of 24 Nov 1981 (YR 16). Same notation and sources as Figure 3.1. 
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2 FEB 1983 (YR 17) :: Wind Speed / Water Levels
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2 FEB 1983 (YR 17):: Wind direction / Water levels
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Figure 3.6: Storm of 2 Feb 1983 (YR 17). Same notation and sources as Figure 3.1. 
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Storm direction and speed at Huibergat
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Figure 3.7. Structure of the storms. Scatter plot of hourly speed and direction for the Huibertgat winds 
during a 6-day window around each record day (wind speed in m/s and Beaufort grades, angles in 
degrees). Source: HYDRA.  
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Simultaneous wind speed at Huibergat and tide-free surge at Delfzijl
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Simultaneous wind direction at Huibergat and tide-free surge at Delfzijl
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Figure 3.8. Scatter plots of surge levels (at Delfzijl) against wind speed and direction. Simultaneous 
values. Water heights in cm; wind speed in m/s, angles in degrees. (S-sorting in the legend refers to the 
maximum surge level.) Source: HYDRA (wind), Waterbase (water). 
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Histories of wind speed. 6-hourly averages
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Histories of wind direction. 6-hourly averages
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Figure 3.9 Histories of wind speed and direction at Huibertgat (6-hourly averages) against time in days 
for each storms. The abscissa interval (0,1) is the year-record day. Plots derived from data of Figures 4.1 
to 4.6. 
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Figure 4.1 Domains and grids of the Continental Shelf Model, ZuNo and Kuststrook. 
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Figure 4.2 Daily highest water levels at Delfzijl in the period 1 Jan 2006 - 21 Jan 2008. Time in days 
after 1 Jan 2006.  Solid symbols mark the storms chosen for the numerical experiments. The line marks 
the latest HYDRA wind measurements available to date. Source: Waterbase. 
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12 JAN 2007:: Wind Speed / Water Levels
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12 JAN 2007 :: Wind direction / Water levels
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Figure 4.3 Histories of wind speed and direction against time in days across 12 Jan 2007. (Source: 
HYDRA, hourly data). Total and tide-free water levels given in the lower bands, with separate axis 
(Source: Waterbase, hourly peaks from 10min data). The interval (0,1) in abscissa represents the record 
day. 
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18 JAN 2007:: Wind Speed / Water Levels
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18 JAN 2007 :: Wind direction / Water levels
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Figure 4.4 Storm of 18 Jan 2007. Same notation and source as Figure 4.2. 
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Figure 4.5 Storm of 9 Nov 2007. Same notation as Figure 4.2. Source HIRLAM (3-hourly data). 
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Histories of wind speed. 6-hourly averages
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Figure 4.6 History of the 6-hour averages of the scales of the rate of energy transfer (cubic wind 
speeds) for the simulated storms. Ordinates in logarithmic scale (m3/s3), time in fractional days. Derived 
from Figures 4.1, 5.2 to 5.3. 
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1 NOV 2006 (YR 1), Delfzijl :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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1 NOV 2006 (YR 1), Eemshaven :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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Figure 4.7 Hindcast of 1 Nov 2006. History of water levels at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1). Result of Rijkswaterstaat’s ‘Model Train’ against measurements 
(Waterbase). Nesting order: CSM > ZuNo > Kuststrook. 
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12 JAN 2007, Delfzijl :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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12 JAN 2007, Eemshaven :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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Figure 4.8 Hindcast of 12 Jan 2007. History of water levels at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1). Results of Rijkswaterstaat’s ‘Model Train’ against measurements. Nesting 
order: CSM > ZuNo > Kuststrook. 
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18 JAN 2007, Delfzijl :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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18 JAN 2007, Eemshaven :: Water levels :: Rijkswaterstaat Model Train / Hindcast

-200

-100

0

100

200

300

400

500

-3 -2 -1 0 1 2 3

measured CSM ZUNO KST
 

Figure 4.9 Hindcast of 18 Jan 2007. History of water levels at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1). Results of Rijkswaterstaat’s ‘Model Train’ against measurements. Nesting 
order: CSM > ZuNo > Kuststrook. 
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9 NOV 2007 (YR 11), Delfzijl :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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9 NOV 2007 (YR 11), Eemshaven :: Water levels :: Rijkswaterstaat Model Train / Hindcast
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Figure 4.10 Hindcast of 9 Nov 2007 (YR11). History of water levels at Delfzijl (top) and Eemshaven 
(bottom) around the record day (0,1). Results of Rijkswaterstaat’s ‘Model Train’  
against measurements. Nesting order: CSM > ZuNo > Kuststrook. 
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Figure 4.11 Event of 1 Nov 2006. Flow and water-level maps in the entire (above) and eastern (below) 
Wadden Sea. 31 October 2006 6:00 (nominal beginning of the storm) 
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Figure 4.12 Same as Figure 4.11. 1 Nov 2006 2006 4:00 (highest wind speed measured at Huibertgat) 
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Figure 4.13 Same as Figure 4.11. 1 Nov 2006 7:00 (50 minutes after highest water level computed at 
Delfzijl) 
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Figure 4.14 Same as Figure 4.11. 2 Nov 2006 0:00 (after-peak lull) 
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Figure 4.15 Event of 12 Jan 2007. Flow and water-elevation maps in the entire (above) and eastern 
(below) Wadden Sea. 10 Jan 2007 18:00 (ahead of the storm peaks) 
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Figure 4.16 Same as Figure 4.15. 11 Jan 2007 9:00 (first wind peak measured at Huibertgat) 



 

                                                                                                                                         
Alkyon Hydraulic Consultancy and Research                                                                                                    A2108 
August 2008                                                                                           Simulation studies for storm winds, flow fields and wave climate in the Wadden Sea 

 
Figure 4.17 Same as Figure 4.15. 11 Jan 2007 24:00 (end of second wind peak measured at Huibertgat) 
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Figure 4.18 Same as Figure 4.15. 12 Jan 2007 4:00 (highest water level measured and computed at 
Delfzijl) 
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Figure 4.19 Event of 18 Jan 2007. Flow and water-level maps in the entire (above) and eastern (below) 
Wadden Sea. 18 Jan 2007 0:00 (ahead of the storm) 
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Figure 4.20 Same as Figure 4.19. 18 Jan 2007 12:00 (strongest wind measured at Huibertgat) 
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Figure 4.21 Same as Figure 4.19. 18 Jan 2007 18:00 (computed time of highest tide-free surge at 
Delfzijl) 
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Figure 4.22 Same as Figure 4.19. 18 Jan 2007 22:00 (computed time of highest water level at Delfzijl) 
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Figure 4.23 Event of 9 Nov 2007. Flow and water-level maps in the entire (above) and eastern (below) 
Wadden Sea. 8 Nov 2007 10:00 (peak wind at Huibertgat, as modelled by HIRLAM) 
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Figure 4.24. Same as Figure 4.23. 9 Nov 2007 5:00 (highest tide-free surge computed at Delfzijl) 
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Figure 4.25. Same as Figure 4.23. 9 Nov 2007 11:00 (highest water level at Delfzijl) 
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Figure 4.26. Same as Figure 4.23. 10 Nov 2007 0:00 (after the storm) 
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1 NOV 2006 (YR 1) :: Measured and Modelled Wind Speeds
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Figure 4.27 Storm of 1 Nov 2006. History of wind speed around the record day (0,1). Data extracted by 
the HIRLAM wind field (solid lines) against HYDRA measurements (dashed lines). 
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1 NOV 2006 (YR 1), Delfzijl :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results
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Figure 4.28 Storm of 1 Nov 2006. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Orange curve: Uniform unsteady wind (1). Green line: Hindcast (0). 
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12 JAN 2007, Delfzijl :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results
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12 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results
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Figure 4.29 Storm of 12 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Orange curve: Uniform unsteady wind (1). Green line: Hindcast (0).  
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18JAN 2007, Delfzijl :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results
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18 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results
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Figure 4.30 Storm of 18 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Orange curve: Uniform unsteady wind (1). Green line: Hindcast (0). 
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9 NOV 2007 (YR 11), Delfzijl :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results

-100

-50

0

50

100

150

200

250

300

350

400

450

500

-3 -2 -1 0 1 2 3

1. Uniform only Hindcast

9 NOV 2007 (YR 11) Eemshaven :: Tide-free surge :: Wind scheme 1 (uniform) / Kuststrook results
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Figure 4.31 Storm of 9 Nov 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Orange curve: Uniform unsteady wind (1). Green line: Hindcast (0). 
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1 NOV 2006 (YR 1), Delfzijl :: Tide-free surge :: Wind scheme 2 (square speed) / Kuststrook results
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1 NOV 2006 (YR 1), Eemshaven :: Tide-free surge :: Wind scheme 2 (square speed) / Kuststrook results
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Figure 4.33 Storm of 1 Nov 2006. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Black line: Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0). 



 

                                                                                                                                         
Alkyon Hydraulic Consultancy and Research                                                                                                    A2108 
August 2008                                                                                           Simulation studies for storm winds, flow fields and wave climate in the Wadden Sea 

12 JAN 2007, Delfzijl :: Tide-free surge :: Wind scheme 2 (square speed) / Kuststrook results
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Figure 4.34 Storm of 12 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Black line: Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 
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18 JAN 2007, Delfzijl :: Tide-free surge :: Wind scheme 2 (square speed) / Kuststrook results
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18 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 2 (square speed) / Kuststrook results
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Figure 4.35 Storm of 18 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Black line: Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 
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9 NOV 2007 (YR 11), Delfzijl :: Tide-free surge :: Wind scheme 2 (square speed) / Kuststrook results
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Figure 4.36 Storm of 9 Nov 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Black line: Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 
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1 NOV 2006 (YR 1), Delfzijl :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook results
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1 NOV 2006 (YR 1), Eemshaven :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook
results
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Figure 4.38 Storm of 1 Nov 2006. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Blue line: Square-direction storm (3); Black line: Square-speed storm (2); Orange line: Unsteady 
uniform wind (1). Green line: Hindcast (0) 
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12 JAN 2007, Delfzijl :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook results
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12 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook results
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Figure 4.39 Storm of 12 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Blue line: Square-direction storm (3); Black line: Square-speed storm (2); Orange line: Unsteady 
uniform wind (1). Green line: Hindcast (0) 
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18 JAN 2007, Delfzijl :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook results
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18 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook results
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Figure 4.40 Storm of 18 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Blue line: Square-direction storm (3); Black line: Square-speed storm (2); Orange line: Unsteady 
uniform wind (1). Green line: Hindcast (0). 
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9 NOV 2007 (YR 11), Delfzijl :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook results
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9 NOV 2007 (YR 11), Eemshaven :: Tide-free surge :: Wind scheme 3 (square direction) / Kuststrook
results
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Figure 4.41 Storm of 9 Nov 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Blue line: Square-direction storm (3); Black line: Square-speed storm (2); Orange line: Unsteady 
uniform wind (1). Green line: Hindcast (0) 
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1 NOV 2006 (YR 1), Delfzijl :: Tide-free surge :: Wind scheme 4 (fully-square storm) / Kuststrook results
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1 NOV 2006 (YR 1), Eemshaven :: Tide-free surge :: Wind scheme 4 (fully-square storm) / Kuststrook
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Figure 4.42 Storm of 1 Nov 2006. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Violet line: Fully-square storm (simplification step 4). Blue line: Square-direction storm (3); Black line: 
Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 
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Figure 4.43 Vector maps of the depth-averaged current field in the Eems-Dollard estuary. Kuststrook 
model, 31/10/2006 08:00. Above: Uniform unsteady wind (1). Below: Fully square storm (4). 
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12 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 4 (fully-square storm) / Kuststrook
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Figure 4.44 Storm of 12 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Violet line: Fully-square storm (simplification step 4). Blue line: Square-direction storm (3); Black line: 
Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 



 

                                                                                                                                         
Alkyon Hydraulic Consultancy and Research                                                                                                    A2108 
August 2008                                                                                           Simulation studies for storm winds, flow fields and wave climate in the Wadden Sea 
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18 JAN 2007, Eemshaven :: Tide-free surge :: Wind scheme 4 (fully-square storm) / Kuststrook
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Figure 4.45 Storm of 18 Jan 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven (bottom) 
around the record day (0,1).  
Violet line: Fully-square storm (simplification step 4). Blue line: Square-direction storm (3); Black line: 
Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 
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9 NOV 2007 (YR 11), Delfzijl :: Tide-free surge :: Wind scheme 4 (fully-square storm) / Kuststrook results
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9 NOV 2007 (YR 11), Eemshaven :: Tide-free surge :: Wind scheme 4 (fully-square storm) / Kuststrook
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Figure 4.46. Storm of 9 Nov 2007. Histories of the storm surge at Delfzijl (top) and Eemshaven 
(bottom) around the record day (0,1).  
Violet line: Fully-square storm (simplification step 4). Blue line: Square-direction storm (3); Black line: 
Square-speed storm (2); Orange line: Unsteady uniform wind (1). Green line: Hindcast (0) 
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