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 A B S T R A C T

This study analyzes storm characteristics and surge hydrographs corresponding to extreme storms in the Dutch 
coastal area, using a large dataset from simulated time series. A total of 8,000 storm events were selected 
for four study locations, allowing for a comprehensive investigation of various storm characteristics. Findings 
reveal that the offset between maximum surge and astronomical high tide typically exhibits three predominant 
values. A new percentile method for averaging storm surge hydrographs was employed, effectively preserving 
a realistic shape of the storm surge hydrograph and accurately reflecting durations. Comparing the averaged 
storm surge hydrographs for different magnitudes of the surge peak shows that it is possible to scale the 
averaged storm surge hydrograph to any peak value, as long as storms are first clustered based on location, 
tidal offset, and exceedance duration, since these characteristics substantially impact the shape of storm surge 
hydrographs. Comparisons with current design guidelines show that prescribed storm surge hydrographs often 
underestimate durations on the flanks of storm events, with variations in peak characteristics depending on 
location. The insights gained in this study, can be used to improve the representation of hydraulic loads in flood 
defense guidelines, potentially leading to more accurate flood safety assessments for coastal infrastructure.
1. Introduction

The Dutch coast protects a low-lying, densely populated hinterland 
that is prone to flooding from the sea. Extreme sea levels along the 
Dutch coast are caused by storm surges in the North Sea, driven by 
high wind speeds. Therefore, flood defenses along the Dutch coast 
are designed to sustain extreme sea levels and wave heights with 
return periods of 1,000 years or more, according to Dutch safety 
standards (Jonkman and Schweckendiek, 2015; Jongejan et al., 2016). 
The derivation of these design conditions relies heavily on statistical 
extrapolation, since observations are only available for the past 100 to 
150 years. Consequently, the return periods of specific extreme wind 
speeds and sea levels are uncertain. Moreover, the current guidelines 
for (semi-)probabilistic reliability assessments of coastal flood defenses, 
called WBI (in Dutch: Wettelijk Beoordelingsinstrumentarium), only 
prescribe the maximum wind speed, maximum sea level and the wind 
direction during maximum wind speed as stochastic variables (Chbab 
and de Waal, 2017). Other storm characteristics, such as the duration 
of the storm or the time offset between high tide and maximum surge, 
are included as fixed values. As a consequence, the current approach 
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relies on one sea level hydrograph, which is schematized by the sum 
of the astronomical tide and the residual surge. The corresponding 
surge hydrograph has a trapezoidal shape with a fixed duration and 
timing with respect to high tide. This schematization was derived from 
horizontally averaging over a set of normalized storm surge hydro-
graphs from observational data (Chbab, 2015b). The above-mentioned 
simplifications are motivated by both the limited knowledge of these 
variables under extreme conditions from observations and the need to 
reduce model complexity.

In reality, however, storm duration and tidal offset can vary sig-
nificantly between extreme storms, as illustrated in Fig.  1. The figure 
presents the observed sea level and surge hydrographs for two histor-
ical, extreme events at Hoek van Holland. Alongside, the schematized 
surge hydrograph is plotted according to current guidelines. The figure 
reveals that the devastating storm event of January, 1953, exhibited 
a relatively long duration of the storm surge, exceeding a level of 
NAP+2 m for about 3 h longer than the schematized surge hydrograph 
from WBI. In contrast, storm Pia, which triggered the unprecedented 
closure of the Maeslant storm surge barrier in December 2023, was 
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Fig. 1. Hydrographs of sea level (dashed gray) and residual surge (black) for two observed storm events at Hoek van Holland: the 1953-storm (left) and storm Pia in December, 
2023 (right). The schematized hydrograph from the current Dutch design guidelines (WBI) is plotted in red. The observation data is retrieved from Deltacommissie (1961) for the 
1953-storm and from waterinfo.rws.nl by Rijkswaterstaat (2024) for Pia.
relatively short compared to the WBI surge hydrograph. Besides, both 
observed storms revealed a small time offset between maximum storm 
surge and high tide: about 2 h for the 1953-storm and 1.5 h for storm 
Pia, while the current guidelines prescribe a fixed value of −4.5 h for 
the tidal offset (note that this is not illustrated in Fig.  1).

Most failure mechanisms of coastal flood defenses are time-
dependent erosion processes, for which the duration of the event, 
the timing with respect to tide and the rotation of the wind play an 
important role. By relying on only two stochastic variables (wind speed 
and sea level) and a single hydrograph shape, current assessments may 
not fully capture the variability of extreme events, which could lead to 
less representative reliability estimates for flood defenses.

There are several ways to overcome the underlying problem of 
data scarcity and include more random variables in extreme sea level 
schematizations. One option is to make use of stochastic models, which 
is already commonly used in flood risk assessments in the Netherlands 
and abroad. For instance, in the study by MacPherson et al. (2019), 
a stochastic model for the German Baltic Sea coast was developed, 
which is capable of simulating the temporal behavior of extreme sea 
levels. The model input was defined by parameterizing hydrographs 
of extreme sea levels from 45 tide-gauges and fitting parametric dis-
tribution functions to the observed parameter data. Diakomopoulos 
et al. (2024) statistically investigated driving mechanisms to improve 
estimations of extreme sea levels for flood risk assessments. While these 
are good examples of applicable, probabilistic frameworks for flood risk 
assessments, both studies are based on a limited number of observed 
extreme events, introducing substantial uncertainty in the fitted distri-
bution when extrapolating towards return periods of a 1,000 years or 
more.

Another option is using data from numerical models. In recent years, 
run times of meteorological and hydrological models have decreased, 
which has increased the availability of large datasets of simulated 
wind and sea level data (Hersbach et al., 2017; National Center for 
Atmospheric Research Staff (Eds), 2022). These datasets have a great 
potential to improve our understanding of extreme storms, and their 
natural variability in both space and time (Muis et al., 2023; Dullaart 
et al., 2023). For example, Dullaart et al. (2023) have developed a 
method to generate a global dataset of hydrographs, based on time 
series of storm surges and tides derived from the Global Tide and Surge 
Model (GTSM) forced with the ERA5 reanalysis wind and pressure 
fields, for the period from 1980 to 2017.

Still, the limitation of most studies that use numerical model results, 
is the relatively short datasets (up to 66 years in MacPherson et al. 
(2019) and 38 years for Dullaart et al. (2023)), which is rather short to 
extrapolate to return periods of up to 10,000 years, that are relevant 
in the Dutch flood safety approach. For this reason, the Royal Dutch 
Meteorological Institute (KNMI) has produced a very large dataset of 
simulated sea levels, using the WAQUA-DCSMv5 model forced with 
wind fields from the seasonal forecasting system (SEAS5) by the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF, 2021). 
2 
By considering each ensemble member from SEAS5 as being a possible 
realization of weather under current climate conditions, a synthetic 
time series of approximately 8,000 years was created. This extensive 
dataset can be used to derive higher-precision estimates for the return 
levels of extreme wind speeds and sea levels, which is currently being 
investigated by the KNMI on behalf of Rijkswaterstaat, which is the 
Department of Waterways and Public Works of the Dutch Ministry of 
Infrastructure and Water Management (de Valk and van den Brink, 
2023, 2025). Additionally, these long time series give the opportunity 
to improve our understanding of the physical, spatial and temporal 
behavior of extreme storms.

In this study, we examine how various storm characteristics influ-
ence the shape of surge hydrographs along the Dutch coast. We extract 
time series of sea level, residual surge and (predicted) astronomical 
tide for extreme storm events from the KNMI-dataset, then cluster 
storm events based on relevant storm surge characteristics, and analyze 
the surge hydrographs for each cluster. Based on this, we propose a 
set of representative surge hydrographs that can be used for design 
and assessment of coastal flood defenses in the Netherlands. In doing 
so, we contribute to the development of a new stochastic model for 
describing the hydraulic loads at the Dutch coast, which is currently 
being researched by Rijkswaterstaat.

2. Data and study area

We have used the dataset that was produced by KNMI (van den 
Brink, 2020), consisting of simulated sea levels from the WAQUA-
DCSMv5 model, which was forced with wind fields from the seasonal 
forecasting system (SEAS5) by ECMWF (ECMWF, 2021). Since Novem-
ber 2017, ECMWF’s seasonal forecasts are initiated on the first of 
every month and run for the upcoming seven months, consisting of 
51 ensemble members. For 1981–2016, hindcasts were produced for 
system calibration, consisting of 51 ensemble members for the start 
dates on the first of February, May, August and November, and 25 
members for the other months. In a statistical sense, each ensemble 
member can be considered as a possible realization of meteorological 
conditions in the current climate, which enables merging them into one 
large dataset equivalent of approximately 8,000 years of data. van den 
Brink (2020) have excluded the first month of each ensemble member, 
to avoid mutual dependence between ensemble members. From each 
ensemble, KNMI has used the 6-hourly mean sea level pressure and 
surface stress fields as input to run the WAQUA-DCSMv5 model, and 
the astronomical tide at the open boundaries was derived by harmonic 
expansion using ten tidal constituents. The model output consists of 
sea levels and astronomical tide in the North Sea with a 10 min 
resolution, corresponding to the wind fields from each SEAS5 ensemble 
member. The input and output of WAQUA-DCSMv5 cover a domain of 
the northwest European continental shelf, more specifically between 
15◦ W to 13◦ E and 43◦ 𝑁 to 64◦ N (Gerritsen et al., 1995). The so-
called Dutch Continental Shelf Model (DCSM) is a numerical model that 
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Fig. 2. Map with the selected locations for which we extract the sea level time series 
from the SEAS5/WAQUA-DCSMv5 dataset indicated in red and the locations where we 
determine the corresponding wind data from the SEAS5 grid in green.

solves the two-dimensional shallow-water equations on a 18
◦
× 1

12
◦ grid. 

DCSM was originally developed in the 1980s and has been through 
numerous improvements since then (Verlaan et al., 2005). In 2022, the 
sixth-generation of the model (3D DCSM-FM) was released, while in 
operational forecasting for the Dutch coast the fifth version (DCSMv6) 
is currently used (Zijl et al., 2022). Since these new versions of the 
model are computationally more extensive, KNMI has used the fourth-
generation of the model (WAQUA-DCSMv5) to simulate the sea levels 
on the North Sea corresponding to the SEAS5 ensemble members. A 
comparison was made with newer model versions and observations, 
which resulted in a bias correction of 10%. Additionally, resulting 
wind statistics were compared to observations and to results from the 
regional climate model RACMO. Consequently, van den Brink (2020), 
de Valk and van den Brink (2025) concluded that the resulting model 
data are sufficiently close to the observed data to consider them sam-
ples from the same population. Therefore, the resulting output of wind 
and sea levels can be considered a 8,000-year synthetic dataset of the 
current climate, and statistical properties can be extracted accordingly. 
For more details about the creation and validation of this dataset we 
refer to de Valk and van den Brink (2025), van den Brink (2020).

2.1. Study area

We focused on four locations along the Dutch North Sea coast, as 
shown in Fig.  2. For these four locations, we have extracted the nearest 
sea level grid point data from the WAQUA-DCSMv5 model output 
(indicated by red points in Fig.  2). The wind direction and wind speed 
data for each location were extracted from one nearby SEAS5 grid 
cells. These SEAS5 grid cells were chosen with considerable distance 
from the coast to ensure that no influence of the land on the surface 
roughness can be expected. Since extreme surges at the Dutch coast 
typically occur for large depressions with strong wind speeds over large 
parts of the North sea, grid points further from the coast appear to be 
an appropriate choice (van den Brink, 2020). KNMI has used the same 
sea level grid points to derive estimates for return levels of extreme 
wind speeds and sea levels for the Dutch design guidelines (de Valk 
and van den Brink, 2023, 2025).
3 
Fig. 3. Schematized illustration of the methodology for one location, with datasets 
indicated in gray and steps of the method in white.

Table 1
Thresholds (in m+NAP) for the peaks-over-thresholds that result in the selection of 
8000 storm events.
 Vlissingen Hoek van Holland Harlingen Delfzijl 
 3.51 2.29 2.55 3.12  

3. Methodology

Fig.  3 provides an overview of the method. First, storms were 
selected from the selected grid points from the SEAS5-WAQUA dataset 
by KNMI, using peaks-over-thresholds (POT). This is described in Sec-
tion 3.1. Next, storms were clustered based on specific storm charac-
teristics, with both the clustering process and methodology detailed in 
Section 3.2. Finally, representative surge hydrographs for each cluster 
were obtained by averaging the surge hydrographs of individual storms 
within the cluster, as explained in Section 3.3.

3.1. Storm selection

Extreme storm events were selected from the SEAS5-DCSMv5 time 
series corresponding to the grid points shown in Fig.  2, using the POT-
method based on sea level. For each coastal location, the POT-threshold 
was chosen such that the 8,000 highest sea level events were selected, 
corresponding to on average one storm event per year. The resulting 
thresholds are presented in Table  1. As a reference, the storm selection 
for Vlissingen contains 56 storm events with sea levels exceeding those 
of the 1953-storm, which resulted in the highest sea level ever recorded 
at the Dutch coast.

To ensure independence of selected storm events, a rolling window 
of three days was applied. From an analysis of observational data 
by Tijssen and Diermanse (2010), it was concluded that both wind and 
storm surge durations at Hoek van Holland are on average 48 h, varying 
between 37 and 78 h, depending on the chosen time window, threshold 
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value and approach for secondary peak. Therefore we presume that 
a three-day window is a safe and appropriate choice to distinguish 
individual storm events and to ensure that surge hydrographs are not 
strongly influenced by preceding storm events.

Subsequently, time series of wind speed, wind direction, sea level, 
and astronomical tide were extracted for a window of 2.5 days before 
and after the moment of maximum wind speed 𝑢, to ensure that the 
entire storm is captured. An example of one selected storm event for 
one location is presented in Fig.  4. The time index is defined such that 
the peak wind speed 𝑢, which is the main driver of storm surge, occurs 
at 𝑡 = 0. The time series of the residual surge were derived, being the 
difference between the sea level and astronomical tide at every time 
step (contrary to the skew surge, which compares the peak surge and 
tide non-simultaneously). From now on, we refer to the residual surge 
hydrograph as (storm) surge hydrograph.

For each selected storm event, we defined several storm character-
istics, as illustrated in Fig.  4:

𝑢 : Maximum wind speed during the selected storm 
in meters per second. The wind speed was de-
rived from the wind stress using a Charnock con-
stant (Charnock, 1955) of 𝛼=0.02, see Appendix  A 
for more details. Note that the aim of this study 
is to analyze the shape of surge hydrographs, and 
therefore an exact derivation of the wind speed is 
not the main focus.

𝑟 : Wind direction during the maximum wind speed 𝑢
in degrees clockwise with respect to North.

𝑤 : Maximum sea level within a window of one day 
before and after the maximum wind speed 𝑢, in 
meters above NAP (the Dutch reference system).

𝑠 : Maximum residual surge height within a window 
of one day before and after the maximum wind 
speed 𝑢, in meters.

𝜑 : Tidal offset defined as the time difference in hours 
between the maximum residual surge height 𝑠 and 
the nearest astronomical high-tide. Note: a positive 
𝜑 means that 𝑠 precedes the high water, like in the 
example in Fig.  4.

𝐷𝑠 : Exceedance duration of the residual surge at a 
level of 50% of 𝑠, in hours. The 50%-level was 
chosen, because it is a good balance between being 
low enough to capture side peaks in the surge 
hydrograph, and being high enough to focus on 
duration of a significant surge height. A sensitivity 
analysis was performed to justify that the duration 
at the 50%-level is an appropriate choice and we 
have investigated the robustness of this choice (See 
Appendix  B).

An overview of correlations between these storm characteristics is 
presented in Appendix  C.

3.2. Storm clustering

To examine how various storm characteristics influence the shape of 
surge hydrographs, we clustered storm events based on some of these 
storm surge characteristics. Different clustering approaches have been 
explored, including manual clustering based on physical drivers, as well 
as various data-driven techniques such as K-Means and Self-organizing 
maps. However, in this paper we focus on manual clustering based on 
physical drivers that potentially affect storm surge hydrographs.

The clustering procedure is illustrated in Fig.  5. Firstly, storms were 
clustered based on wind direction 𝑟, by defining 16 sectors of 22.5◦
wide (e.g. the northern sector ranges from 348.75◦ to 11.25◦N). The 
wind direction was considered as the first clustering feature because 
4 
Fig. 4. Example of one selected storm event, including definitions of storm surge 
characteristics that play a role in this study.

it strongly affects the residual surge, as becomes clear in Fig.  5(a): This 
wind rose shows the distribution of 𝑠 for storms corresponding to each 
wind direction sector. It can be seen that the highest residual surges are 
mostly caused by storms from wind directions W (270◦N) and WNW 
(292.5◦N). To illustrate the clustering procedure in this example, we 
select storms corresponding to wind direction WNW. Secondly, storms 
were clustered based on the tidal offset 𝜑, since there is a strong 
interaction between tide and storm surge, which is further elaborated 
in Section 4. We expect that this interaction between tide and surge 
affects the shape of the surge hydrographs, and therefore we use 𝜑
as the second clustering feature. It can be observed in Fig.  5(b) that 
the tidal offset is very non-uniformly distributed. This observation is 
further explained in Section 4. The figure also shows that three values 
of the tidal offset appear to be the most dominant (the same holds for 
the other locations, as shown in Appendix  D). Therefore, the storms 
corresponding to each wind direction sector are further subdivided 
into three clusters based on these dominant tidal offsets (±0.51 h), as 
indicated by the black and red squares in Fig.  5(b) (see Table  2 for 
an overview of these dominant values per location). In this example, 
we continue with the storm cluster corresponding to 𝑟=WNW and 
𝜑=1.5 h. Storms that fall outside these three bins are neglected in 
further analyses. Thirdly, storms are clustered based on their surge 
exceedance duration 𝐷𝑠, since the duration determines the ‘width’ of 
the surge hydrograph, and therefore largely affects its shape. Three 
equally-sized clusters are created based on the surge duration (storms 
with short, medium and long duration), as shown in Fig.  5(c). In this 
example, we select storm events corresponding to 𝑟=WNW, 𝜑=1.5 h 
and a short surge duration. The clustering procedure results in groups 
of storm events for which we analyzed the storm surge hydrographs and 
defined a representative surge hydrograph per storm cluster. The set of 
surge hydrographs corresponding to the storm cluster of this example is 
shown in Fig.  5(d). Note that the surge exceedance duration 𝐷𝑠 is only 
used as a clustering feature. The full storm time series is then used for 
the analysis of surge hydrographs (time series are not truncated at the 
exceedance level of 𝐷 ).
𝑠
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Fig. 5. Illustration of the clustering procedure. In this example, the selection procedure for the storm cluster corresponding to location Hoek van Holland, wind direction r=WNW, 
tidal offset 𝜑 = 1.5 h and short wind exceedance duration Ds is shown.
Fig. 6. Illustration of the application of different averaging methods for the storm surge hydrograph of a storm cluster with wind direction NW at location Vlissingen. The resulting, 
averaged hydrographs are shown as black, dashed lines. The contours of the storm cluster that is averaged are shown in gray color bands, for different percentiles of the data 
(the light gray band represents the 5th-95th percentile interval and the dark gray band represents the 40th–60th percentile interval). In colored lines some example storm surge 
hydrographs from the cluster are shown.
3.3. Storm surge hydrographs

The final step after clustering is to create an average storm surge 
hydrograph that represents the corresponding storm cluster. A common 
method for averaging is the so-called horizontal averaging, which 
consists of averaging the durations of individual storms at multiple 
(normalized) levels. This method is applied in the derivation of the 
design hydrographs of residual surge and wind speed in the current 
Dutch design guidelines (Chbab, 2015b) and in the study by Dullaart 
et al. (2023). The horizontal averaging method correctly accounts for 
the total number of hours in which the storm surge exceeds a specific 
level. However, this method has the disadvantage that the resulting 
hydrographs can become severely distorted, in particular for temporal 
5 
patterns with distinctive side peaks, which is the case for the residual 
surge. As a result of horizontal averaging, all peaks are merged into 
one broad, smoothed peak, as illustrated in the graph to the left of Fig. 
6. The figure shows the resulting averaged storm surge hydrographs 
as a black, dashed black line. The light gray color bands show the 
of the 5-95th-percentile interval, and the darker gray the contours 
of the 40th–60th percentile of the selected storms. In colored lines 
some individual storms from the cluster are plotted, as examples. Since 
merging of all side peaks to one broad peak leads to an unrealistic rep-
resentation of the surge hydrograph, an alternative method to consider 
is vertical averaging: taking the vertical average over the individual 
storms at every instant of time. However, for vertical averaging it can 
be observed that it slightly underestimates the exceedance duration 
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Fig. 7. Illustration of the percentile method. The gray lines show the surge hydrographs corresponding to different percentiles. For example, the lowest gray line corresponds, at 
every instant 𝑡, top = 0.47, the next gray line corresponds to 0.63, and so on (Geerse et al., 2019).
around the peak, especially for side peaks of the residual surge, as 
shown in the middle graph of Fig.  6. With regard to flood safety 
application, an underestimation of hydraulic loads is undesirable, as 
it is preferred to be conservative in design practice.

To overcome the pitfalls of the former averaging methods, we 
developed an alternative method to derive averaged storm surge hy-
drographs: the so-called percentile method (Geerse et al., 2019). This 
method is specifically useful for temporal patterns that are subject to 
the influence of a periodic signal (such as the tide), as is the case 
for hydrographs of the residual surge. The approach of the percentile 
methods is as follows: first the horizontally averaged durations are 
determined, yielding the blue line (𝑦ℎ𝑎) of Fig.  7. Next, a set of specific 
time instants relative to the peak are considered, that correspond to 
nodes in the pattern. These time instants (𝜏) are defined as factors of 
the tidal period (12.42 h): 1/4, 3/4, 5/4, 9/4, 13/4 (times 12.42 h). For 
a cluster of 𝑁 normalized surge hydrographs, percentiles (0.01, 0.02, 
. . . 1.0) are calculated for all time instants 𝜏. At time 𝜏𝑖 we now choose 
the percentile 𝑝 such that it matches the height of the horizontally 
averaged pattern 𝑦ℎ𝑎. That is, if we denote the percentile by 𝑦𝑝, we 
require that 
𝑦ℎ𝑎 = 𝑦𝑝(𝜏). (1)

These percentiles 𝑦𝑝 at time instants 𝜏 are illustrated by the red dots 
in Fig.  7. The resulting surge hydrograph from the percentile method 
results from interpolating the percentages (i.e. the p-values at time 
instants 𝜏) for the time instants in between. This method preserves the 
oscillating pattern, while keeping – at least as an approximation – the 
same average horizontal durations (Geerse et al., 2019).

In Fig.  6 it can be observed that the percentile method provides 
a more representative, averaged storm surge hydrograph than the 
vertical and horizontal averaging methods. A similar conclusion re-
sults from Geerse et al. (2019), where it was stated that the per-
centile method ensures, at least approximately, that (1) the durations 
of residual surges and (2) time characteristics, such as secondary peaks, 
are well-represented. For these reasons, the percentile method was 
used within this study for averaging over storm surge hydrographs 
corresponding to a storm cluster.

4. Tidal offset

Before moving towards results concerning surge hydrographs, we 
briefly elaborate on observations based on an analysis of the tidal 
offset. The tidal offset 𝜑 is defined as the time (in hours) between the 
maximum residual surge and the closest astronomical high-tide. The 
offset is positive if the surge peak precedes the tidal peak, like in the 
example in Fig.  4. Fig.  8 shows histograms of the empirical distributions 
of the tidal offset derived from the selected SEAS5-WAQUA storm 
events, for clusters corresponding to three wind directions at Hoek 
van Holland. It can be seen that the tidal offset is very non-uniformly 
6 
Table 2
Overview of the three observed, most dominant tidal offsets 𝜑 (in hours) per location. 
In the bottom row the tidal offsets as used in the current Dutch flood defense design 
guidelines are shown (Chbab, 2015a).
 Vlissingen Hoek van Holland Harlingen Delfzijl 
 𝜑1 2.5 1.5 1.333 1.833  
 𝜑2 4.167 3.0 4.667 3.667  
 𝜑3 6.0 −5.5 6.0 5.0  
 Current design practice 2.5 −4.5 5.5 5.5  

distributed and that the maximum residual surge hardly ever occurs 
during (astronomical) high tide. The fact that the distribution of the 
phase is strongly non-uniform has been observed in previous studies for 
the Dutch coast (Direktie Waterhuishouding en Waterbeweging, 1984; 
Janssen, 1990; De Ronde, 1985; Geerse, 2003; Chbab, 2015a), and 
also abroad (Horseburgh and Wilson, 2007). Horseburgh and Wilson 
(2007) presented the non-uniformity of the phase for stations along the 
East coast of England and Scotland, where it was also observed that 
the maximum of the surge rarely coincides with (astronomical) high 
tide. This non-uniformity is the result of interactions between surge 
and tide (Geerse, 2020; Horseburgh and Wilson, 2007): During storm 
surges, the relatively shallow North Sea becomes (slightly) deeper, and 
therefore the tidal wave propagates faster, resulting locally in a tide 
arriving sooner than the (predicted) astronomical tide. At the same 
time, wind stress is more effective at raising the sea surface in shallow 
water. The combined effect of these physical processes results in the 
non-uniform distribution of the tidal offset.

Fig.  8 shows that roughly the same three values are most dominant 
for all wind directions (for this location 1.5, 3.0 and −5.5 h), but 
the frequencies of occurrence differ. For example, the occurrence of 
the tidal offset of 1.5 h is for the wind directions SSW and W more 
frequent than wind direction NNW. The empirical distributions of the 
tidal offsets for other locations are shown in Fig.  D.20 of the Appendix 
D. All locations reveal three dominant phases (see Table  2) with varying 
frequency per wind direction. This information is valuable for future 
improvements of the design guidelines for coastal flood defenses, in 
which currently only a single value of the tidal offset is applied per 
location (Chbab, 2015a). These values are shown in the bottom row of 
Table  2.

A comparison with observations by Chbab (2015b) shows that the 
empirical distributions obtained from simulation data show approxi-
mately the same features for most locations, but also some discrepan-
cies were noted (Geerse et al., 2019). For example, in observations, a 
tidal offset of about −4.5 h appeared to be the most frequent at Hoek 
van Holland, whereas this value is almost absent in the simulated data.

5. Storm surge hydrographs

In this section, we compare the shape of averaged, normalized surge 
hydrographs for different storm clusters at the four study locations. The 
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Fig. 8. Empirical distributions of the tidal offset 𝜑 in hours, for wind directions SSW, W and NNW at Hoek van Holland. The storm events, selected from the 8,000 extreme 
occurrences based on surpassing a sea level threshold (Table  1), are depicted in blue with a relative frequency. The offset is positive if the surge peak precedes the tidal peak.
aim is to identify storm characteristics that affect the shape of surge 
hydrographs and to derive a set of representative surge hydrographs 
that can be used in flood risk assessments for the Dutch coast.

5.1. Comparison of storm clusters

In Fig.  9 storm surge hydrographs are shown, representing storm 
clusters corresponding to wind direction West, for each coastal loca-
tion. Surge hydrographs corresponding to the three dominant tidal 
offsets are indicated by different colors. The transparent lines show 
the variation between short (33% shortest) and long (33% longest) 
durations. The solid lines show the surge hydrographs corresponding 
to the medium duration class (33%–67%). The figure reveals that 
storms corresponding to different tidal offsets show different surge 
hydrographs, since the colored lines deviate from each other, especially 
for the coastal locations of Hoek van Holland and Delfzijl. Note that 
also variations due to different surge duration classes are substantial 
around the duration of the 50th percentile of the surge height. Next, 
we compare storm surge hydrographs for three wind directions at each 
coastal location, in Fig.  10. Again, the transparent lines show the vari-
ation between the short and long duration classes. From these graphs it 
can be observed that the different wind directions show similar storm 
surge hydrographs. However differences between the different duration 
classes are still substantial.

When comparing the four locations, it can be observed that each 
location has its particular storm surge hydrographs, which are char-
acterized by interactions with the local tidal signal. For instance, the 
tidal signal at Hoek van Holland is asymmetric around the horizontal 
axis (see gray dashed line in Fig.  12(a)), which causes the multiple side 
peaks in the storm surge hydrograph.

Summarizing, the figures in this paragraph show that clustering 
based on location, tidal offset and exceedance duration is important for 
the shape of the resulting averaged storm surge hydrograph. Clustering 
based on wind direction is not important for the shape of the storm 
surge hydrograph, however it is important for the statistics of extreme 
wind speed and surge height. Westerly wind directions have a larger 
probability for extreme surge heights than easterly wind directions. 
7 
This is visible in the wind rose of Fig.  5(a) and scatters in Fig.  C.19 
in Appendix  C.

5.2. Comparison of surge magnitudes

In this section, we further subdivide the clusters based on the magni-
tude of the maximum surge height before normalizing and averaging. 
The objective is to investigate whether the most extreme storms (in 
terms of maximum residual surge height) show similar storm surge hy-
drographs as other, less extreme storms. Fig.  11 shows these averaged, 
normalized storm surge hydrographs for Hoek van Holland. Each figure 
represents a storm cluster based on wind direction West and a tidal 
offset 𝜑 of 1.5 h and surge duration class 𝐷𝑠. Results are presented for 
all three duration classes: the 33.3% shortest storms (upper graph), the 
33.3% medium duration storms (middle graph) and the 33.3% storms 
with longest surge duration (lower graph). Within each graph, storms 
are further subdivided based on the magnitude of the surge peak 𝑠, 
as indicated by the different colored lines. The subdivision is done 
by defining surge values that divide the storm data into four equally-
sized clusters (before sub-clustering based on duration): 1 < 𝑠 < 1.5, 
1.5 < 𝑠 < 1.7, 1.7 < 𝑠 < 2.0 and 2 < 𝑠 < 3 m. This is done to ensure 
that each sub-cluster based on surge magnitude is approximately equal 
in size.

It can be seen that the storm surge hydrographs look very similar for 
different magnitudes of the maximum surge height. This implies that it 
is possible to consider the same storm surge hydrographs for any magni-
tude of the peak (within a cluster based on wind direction, tidal offset 
and exceedance duration class of the surge). We call this the ‘scaling 
property’: the storm surge hydrograph can be scaled to any surge height 
𝑠, which makes it very suitable for design calculations. However, this 
property is only valid after performing the above-mentioned clustering 
steps.

One may observe from Fig.  11 that the number of storms 𝑁 within 
the different surge peak magnitude sub-clusters differs per duration 
class (the three graphs). In the sub-cluster with surge heights between 
2 and 3 meters (red lines), 𝑁 is smaller in the lower graph, compared 
to the other middle and upper graphs. Similarly, the number of storms 
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Fig. 9. Normalized storm surge hydrographs for the three dominant tidal offsets and wind direction West. The transparent lines show the variation between the short and long 
durations. The solid lines show the medium duration class (33%–67%).
Fig. 10. Normalized storm surge hydrographs for three dominant wind directions for the most dominant tidal offset. The transparent lines show the variation between the short 
and long durations. The solid lines show the medium duration class (33%–67%).
in the sub-cluster with surge heights between 1 and 1.5 meters (blue 
lines) is largest in the lower graph. These observations are related 
to the definition of the surge exceedance duration 𝑠, as discussed in 
Appendix  B. By definition, the exceedance duration of a relative surge 
level causes a negative correlation between 𝑠 and 𝐷𝑠: For a storm with 
large surge magnitude 𝑠, the 50%-exceedance level is higher than for a 
storm with lower-magnitude 𝑠, and a higher level is generally exceeded 
for a shorter time duration. It is important to take this into account 
as soon as probabilities are assigned to the occurrence of each cluster 
with according storm surge hydrograph: the combination of an extreme 
surge height and a storm surge hydrograph with a long exceedance 
duration (of a relative level) should have a smaller probability than the 
extreme surge height with short exceedance duration. This is further 
elaborated in Geerse et al. (2022), Caspers and Kindermann (2023).

The storm surge hydrographs in Fig.  11 correspond to location 
Hoek van Holland, but the same can be observed for the other coastal 
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locations. From Fig.  E.21 in Appendix  E it follows that the scaling 
property also holds for the other locations.

5.3. Comparison to current design practice

In the current Dutch design guidelines, called WBI, a single storm 
surge hydrograph is used for coastal flood defenses, which has a base 
duration of 44 h (Chbab, 2015b) and a fixed value for the tidal offset, 
varying per coastal area. In total, three coastal areas are distinguished. 
Fig.  12 shows the resulting sea level hydrograph according to WBI, 
compared to those following from this study. In Fig.  12(a), the result-
ing, normalized storm surge hydrographs for Hoek van Holland are 
shown for the three duration classes, for wind direction West and the 
most dominant tidal offset (1.5 h). The black, dashed line shows the 
trapezoidal surge schematization according to WBI. The resulting sea 
level hydrograph follows from scaling the storm surge hydrograph to a 
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Fig. 11. Comparison of the averaged normalized storm surge hydrographs for different 
magnitudes of the residual surge peak, for Hoek van Holland, wind direction West and 
a tidal offset of 1.5 h.

value of 4.3 meters and combining it with the tidal signal by accounting 
for the tidal offset. This is shown in Fig.  12(b) for the storm surge 
hydrographs from Fig.  12(a) and in Figs.  12(c) and 12(d) for the other 
two dominant tidal offsets at Hoek van Holland. From this example, the 
variation in duration classes and tidal phases is evident, as discussed 
in Section 5.1. It appears that the sea level hydrograph according to 
WBI is most similar to the sea level hydrograph with a tidal offset of 
−5.5 h (Fig.  12(d)). This can be explained by the fact that a tidal offset 
of −4.5 h is applied in WBI (see Table  2). Besides, the WBI sea level 
hydrograph matches best with the short duration class (blue line in Fig. 
12(d)). It can be seen that the other tidal offsets are more common for 
this locations (i.e. have larger amounts of storms 𝑁 in the clusters), 
which implies that the WBI schematization does not give an accurate 
representation of the sea level hydrograph at Hoek van Holland. The 
same conclusions hold for other coastal locations. These graphs are 
shown in Fig.  F.22 to Fig.  F.24 of Appendix  F. For example, the sea 
level hydrograph for Vlissingen with a tidal offset of 2.5 h shows strong 
similarities with the WBI hydrograph, for which also a value of 2.5 h 
is applied.

For the sea level hydrographs from Fig.  12 (and from the appendix 
for the other locations) we evaluate the exceedance duration of the sea 
level at different levels. The results are presented in Fig.  13 for the four 
locations. The exceedance durations for the current WBI schematization 
are depicted in red and in gray for the sea level hydrographs from 
different storm clusters of this study. The black line represents the 
combined average of the gray lines, by accounting for the likelihood 
of each gray line. The figure shows that the sea level hydrographs 
according to the current guidelines (in red) show a shorter exceedance 
duration in the flanks (at lower sea levels), compared to sea level 
hydrographs from the simulated data (in black). However, the duration 
of the peak varies per coastal location. For Hoek van Holland and 
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Vlissingen, the WBI schematization gives a longer exceedance duration 
at the peak than the sea level hydrographs from this study, and vice 
versa for Harlingen and Delfzijl. Another important remark is that 
the variation in exceedance duration between the different sea level 
hydrographs in this study (gray lines) is largest for Hoek van Holland 
and Harlingen. This can be explained by the fact that the tidal signal 
is more asymmetric at these two location, when compared to the other 
two locations. Their tidal signals are shown by gray, dashed lines in 
Fig.  12 for Hoek van Holland and Fig.  F.23 for Harlingen (compare to 
tidal signal in Fig.  F.22 and Fig.  F.24 of the other two locations).

6. Discussion

In this section, we discuss potential limitations and implications of 
this study.

6.1. Reliability of the data

The wind data are derived from SEAS5, the seasonal forecast prod-
uct by ECMWF, and the corresponding water level data are simulated 
using WAQUA-DCSMv5, with the SEAS5 wind stress as input. We 
translate the SEAS5 wind stress to time series of wind speed, using a 
Charnock constant of 0.020, in order to achieve representative wind 
speeds that are in line with the wind statistics that are currently applied 
in Dutch design guidelines for coastal flood (Geerse et al., 2022). 
However, as can be seen in Fig.  A.14, it is difficult to determine a 
suitable Charnock value and at the same time the choice has a large 
effect on the obtained wind speeds, up to several meters per second 
for Charnock values commonly used in the literature. However, it is 
important to note that this study focuses on storm surge hydrographs, 
and the residual surge from WAQUA is insensitive to the choice of 
the Charnock value, since the WAQUA simulations are based on the 
original wind stress from ECMWF.

Regarding the absolute values of the residual surge, recent research 
by de Valk and van den Brink (2023) has shown that a bias correction 
of 10% is required for the SEAS5 wind stress input in WAQUA, to 
result in representative surge heights for the Dutch coast. This bias 
correction, however, is not yet implemented in the version of the 
data that is used within this study. While the exact magnitudes of the 
wind speeds and residual surges presented in this study are therefore 
subject to some uncertainty, the normalized storm surge hydrographs 
and observed trends in the correlations are insensitive for this bias 
correction. Consequently, the key conclusions remain valid even if the 
absolute peak values deviate.

6.2. Clustering approach

In this study, we present results for a clustering procedure based 
on three storm characteristics (wind direction, tidal offset and surge 
duration). In addition, we analyzed the effect of clustering storms based 
on the surge magnitude, but this did not affect the resulting shape of 
the hydrograph. We presume that the three considered storm charac-
teristics are dominant in determining the shape of surge hydrographs. 
However, other storm characteristics, may be of importance for the 
resulting shapes of surge hydrographs. Alternatively, the clustering 
could be performed based on the entire surge time series, using data-
driven methods such as K-Means, without defining storm characteristics 
first. This approach, among others, is currently being investigated in a 
separate study.

There is substantial natural variability in storm surge time series 
– as illustrated by the confidence bands in Fig.  6 – which results in 
uncertainty of the resulting representative surge hydrographs. Since 
each cluster is summarized into one representative normalized surge 
hydrograph using an averaging method, the variability within the 
hydrographs is largely reduced. Consequently, minor adjustments to the 
sectors, bins or classes in the clustering process have a limited effect 
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Fig. 12. Normalized storm surge and sea level hydrographs for location Hoek van Holland, corresponding to a maximum surge height 𝑠 of 4.3 m, compared to the WBI 
schematization (black, dashed lines). The corresponding astronomical tide is depicted as a gray dashed line. The sea level hydrographs are presented for wind direction West and 
the three dominant tidal phases 𝜑. The three colors represent the three duration classes (short, medium, long).

Fig. 13. Exceedance duration in hours for different sea level hydrographs. The y-axes represent different levels of the sea level and the x-axes represent the amount of hours 
that the sea level exceeds the corresponding sea level, for different sea level hydrographs. The red lines show the exceedance durations for the sea level hydrographs according 
to WBI, the gray lines for nine characteristic sea level hydrographs from this study (3 tidal offsets 𝑥 3 duration classes) and the black line shows the weighted average for these 
nine scenarios.
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on the overall results, as each cluster includes a large number of storm 
events. This is for example illustrated by analyzing the sensitivity of 
resulting surge hydrographs to the choice of definition of storm surge 
duration at the 50%-level of 𝑠, which appeared to have a very limited 
impact (see Appendix  B). Still, choices made in clustering – such as the 
wind direction sectors (±12.25◦), tidal offset bins (±0.5 h), and dura-
tion classes (based on 33% percentiles) – influence the number of storm 
events within each cluster. As a result, some degree of uncertainty is 
inherent in the clustering process.

6.3. Climate change

The surge hydrographs that were derived in this study are repre-
sentative for hydraulic loads in current climate. However, most flood 
defenses in the Netherlands are being designed for a lifespan of more 
than 50 years. Sea level rise is then taken into account within sea level 
statistics that are used to scale surge hydrographs to design water levels 
(as shown in Fig.  12). However, other effects, such as changing storm 
climate and interactions between sea level rise and storm surge, are 
not considered. We recommend to study surge hydrographs and the 
effect of climate change, based on data from climate models for future 
scenarios, such as the KNMI’23 climate scenarios (Van Dorland et al., 
2023).

6.4. Storm selection window and multiple-peaked storms

During the analysis of the storm surge hydrographs, it appeared that 
the storm surge hydrographs sometimes exhibit a second storm surge 
peak on the edges of the considered time window. When averaging the 
storm surge hydrographs and normalizing by the peak at 𝑡 = 0 for a 
certain selection, it happens that the second surge peak (𝑡 ≠ 0) becomes 
larger than 1. This suggests that the time window of three days that 
we have applied to select independent storm events in the POT may 
be too short. We did not systematically test alternative windows. Since 
the choice of the time window length may influence the results, we 
recommend to perform a sensitivity analysis to evaluate the effect of 
this selection window on the resulting surge hydrographs, before using 
the resulting hydrographs in design practice.

These second peaks are probably the result of two or more storms 
occurring shortly after each other, so called twin storms. Multiple-
peaked storms have been observed several times at the Dutch coast in 
the past, with the most recent event in 2022, when the storms Dudley, 
Eunice and Franklin occurred shortly after each other and caused sub-
stantial storm surges (Zijderveld et al., 2022). Multiple-peaked storms 
can pose an additional risk to flood defense infrastructure, since they 
can result in further damage, while there is no time for repair after the 
first storm event. We recommend to further study the characteristics 
of these multiple-peaked storms and to propose a representative storm 
surge hydrograph for multiple-peaked storms, that can be used in 
design practice.

6.5. Relevance

One of the main observations from the analysis of extreme storms 
from the large synthetic dataset is that storm surge hydrographs of 
extreme storms reveal different shapes than the one currently proposed 
in the Dutch design guidelines for coastal flood defenses that are based 
on observations, which contain a limited amount of extreme storms. We 
applied a novel method for averaging over storm surge hydrographs 
within a cluster, called the percentile method, in order to preserve 
sufficient detail as well as a correct duration of the storm surge hy-
drograph, which can explain the observed differences. Comparisons of 
the averaged storm surge hydrographs with those prescribed in current 
guidelines revealed that the latter typically yields shorter durations 
in the flanks. Differences in exceedance durations around the peak 
varied by location, indicating that the newly proposed hydrographs 
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may exhibit longer or shorter exceedance durations depending on the 
specific location.

Moreover, the current guidelines suggest one value for the time 
offset between the peak of the storm surge and astronomical high tide. 
Based on the synthetic dataset, three values appear to be dominant 
for each location. The two observed, extreme storms as presented in 
Fig.  1 exhibited a time offset of 2 and 1.5 h respectively. The current 
guidelines suggest a value of −4.5 h for Hoek van Holland, while we 
concluded from the synthetic data that 1.5 h is the most dominant value 
(followed by 3.0 and −5.5 h), which is more in line with the observed 
tidal offsets as described in the Introduction. Although these are only 
two observations, the results suggest that the currently applied, fixed 
values of the tidal offsets may not be representative for extreme storms 
along the Dutch coast.

Storm surge hydrographs and tidal offsets are applied in safety 
assessments of current flood defenses and in design for flood de-
fense reinforcements, which are based on the estimation of annual 
failure probabilities. The effect of different storm surge hydrographs 
and tidal offsets on resulting estimated failure probabilities of coastal 
flood defenses should be investigated, which also includes models of 
time-dependent simulation of damage. Some first analyses were made 
in Caspers and Kindermann (2023).

7. Conclusions

This study presents a detailed analysis of characteristics and surge 
hydrographs associated with extreme storm events affecting the Dutch 
coastal area, based on a large dataset of simulated time series for 
wind and sea levels. A total of 8,000 storm events were selected for 
each of the four study locations and parameterized using various storm 
characteristics.

An analysis of the tidal offset revealed a strong non-uniform dis-
tribution, consistent with previous studies, which can be explained by 
interactions between tide and surge. For each location, we identified 
three dominant values of the tidal offset, with varying probabilities 
based on wind direction. For comparison, the current, Dutch design 
guidelines use one fixed tidal for each location. This finding sup-
ports the need for revising the current design guidelines for coastal 
flood defenses, to account for natural variability due to tide-surge 
interactions.

From analyses of storm surge hydrographs for different storm clus-
ters it appeared that the location, tidal offset and the surge duration 
affect the shape of the storm surge hydrograph, resulting in different 
representative surge hydrographs. We also clustered based on wind 
direction, since this is relevant for corresponding probabilities of wind 
speed and surge magnitudes. However, we concluded that for shape
of storm surge hydrographs, clustering based on wind direction is not 
important. By clustering storms for different magnitudes of the surge 
height, we observed that the averaged storm surge hydrographs can 
be scaled to any surge height within the corresponding cluster (by 
taking the probabilities into account), which makes the hydrographs 
very suitable for design calculations.

The resulting surge hydrographs, combined with the three dominant 
tidal offsets, were used to generate representative sea level hydrographs 
for each cluster and location. These sea level hydrographs were com-
pared to those from current design guidelines, in terms of exceedance 
durations of sea levels. The comparison revealed that the sea level 
hydrographs from current guidelines tend to have shorter durations on 
the flanks of the hydrograph. Around the peak, the sea level hydro-
graphs derived from simulated data show considerable variability in 
duration, primarily influenced by the tidal offset. This suggests that 
using a single, fixed surge hydrograph and tidal phase in the current 
guidelines may not fully capture the natural variability during extreme 
storm surge conditions.

This study provides valuable insights that can be used to improve 
the description of hydraulic loads in the design guidelines for coastal 
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flood defenses in the Netherlands. The outcomes suggest that not 
only the magnitude (and direction) of wind speed and surge height, 
but also storm duration and timing with respect to the tidal cycle, 
are important factors for deriving surge hydrographs, and therefore 
characterizing extreme sea levels. Before integrating these factors into 
design guidelines, further research is needed to assess whether their 
inclusion significantly affects the flooding probabilities derived from 
reliability assessments of coastal infrastructure.
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Appendix A. Wind stress to wind speed

In this study, wind speed is derived from surface stress rather 
than using ECMWF wind speed directly, as the latter exhibits much 
lower extremes compared to measurement-based statistical analyses 
(left column in Fig.  A.14). A Charnock relation (Charnock, 1955) is 
used to convert the surface stress from the ECMWF-model to wind 
speed (based on a logarithmic wind profile). This appendix supports 
the decision to convert the surface stress to a wind speed.

To show the effect using different values of the Charnock parameter 
𝛼𝑐ℎ, the wind statistics after calculating wind speed from surface stress 
are shown in Fig.  A.14. The measurement-based statistics used in the 
Dutch design guidelines (WBI) for each coastal station are shown in 
12 
red. Note that these are the statistics without integrated statistical un-
certainty. The blue dots indicate the empirical exceedance frequencies 
plotted with plotting positions 𝑎=0.3 and 𝑏=0.4.

The slope of the calculated wind speeds from ECMWF-surface stress 
decreases for higher wind speeds, compared to the slope from the 
WBI-statistics. The wind used for the derivation of the WBI-statistics 
is potential wind speed, related to the roughness of grass. Since the 
ECMWF-model is above open water (with a lower roughness), it should 
be higher than the wind speed in the Dutch design guidelines. Because 
of this, and since the highest wind speeds are the most relevant ones 
in this study, a Charnock-parameter of 0.020 was chosen.

Appendix B. Sensitivity analysis surge duration

In this study, we have defined the surge duration as the exceedance 
duration of the level at 50% of the maximum surge height 𝑠 during a 
storm. This choice may seem arbitrary and therefore we have analyzed 
the effect of exceedance level on the resulting surge hydrograph shapes 
in the surge duration clusters. For this sensitivity analysis, we analyzed 
four different definitions of the surge duration 𝐷𝑠, two relative levels 
(with respect to surge peak) and two absolute levels: the exceedance 
duration of 50% of 𝑠, 75% of 𝑠, 0.5 m and 1.0 m, as defined in Fig. 
B.15, By definition, exceedance durations of relative levels correspond 
to a slight negative correlation between 𝐷𝑠 and 𝑠, as illustrated in Fig. 
B.16: the exceedance level lies higher for storms with high 𝑠, and high 
levels generally have shorter exceedance durations. On the other hand, 
exceedance durations of absolute levels have a positive correlation with 
the surge height 𝑠: the higher the maximum surge, the longer a low 
surge level (0.5 or 1 m) is generally exceeded, which can be seen in 
the lower two plots of Fig.  B.16.

The exceedance duration 𝐷𝑠 is a result variable in this study and 
calculated for all 8,000 storm events selected by peak-over-thresholds. 
The variable 𝐷𝑠 is used to cluster storms into three groups: short (33% 
shortest), medium (33%–67%) and long (33% longest) durations. For 
each group we derive a representative surge hydrograph. To analyze 
the effect of the definition of 𝐷𝑠 on these resulting, representative surge 
hydrograph, we follow the methodology for all four definitions of 𝐷𝑠. 
Fig.  B.15 shows a comparison of the resulting surge hydrographs for 
the four definitions of 𝐷𝑠, for storms corresponding to wind direction 
𝑊𝑁𝑊  (292 ◦N) for three duration classes (short, medium and long). 
The figure reveals that the resulting surge hydrographs do not respond 
strongly to the definition of 𝐷𝑠. In Fig.  B.18 the normalized surge 
hydrographs show similar shapes for each duration cluster. A distinct 
exception is the resulting surge hydrograph with short duration when 
defining 𝐷𝑠 as the exceedance of the 75%-level of 𝑠. This level is 
rather high in the surge hydrographs and some secondary peaks of 
the hydrographs will be lower than this level, which results in very 
short durations. This also explains the small side peaks of the narrow 
histogram (orange) in Fig.  B.17. Generally speaking, the relative level 
of 50% seems an appropriate choice for the definition of 𝐷𝑠 and a 
different definition would not have significantly altered the results of 
this study.

Appendix C. Correlations between storm characteristics

Appendix D. Distribution of tidal offsets

Appendix E. Storm surge hydrographs

Appendix F. Sea level hydrographs

See Figs.  F.22–F.24.
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Fig. A.14. Comparison between wind statistics for the original ECMWF wind statistics (left) and different Charnock-parameter values (center 𝛼𝑐ℎ=0.032, and right 𝛼𝑐ℎ=0.020).

Fig. B.15. Four different definitions of 𝐷𝑠: In gray the exceedance duration of the level at 50% of the maximum surge height 𝑠 (chosen in this study), in black of the level at 
75% of 𝑠, in red the exceedance duration of 1 m surge and in blue of 0.5 m surge.

Coastal Engineering 201 (2025) 104776 

13 



J.J. Caspers et al.

Fig. B.16. Comparison of the correlation between exceedance duration 𝐷𝑠 and maximum surge height 𝑠 of a storm, for four different definitions of 𝐷𝑠, as illustrated in Fig.  B.15.

Fig. B.17. Comparison of histograms of exceedance duration 𝐷𝑠, for four different definitions of 𝐷𝑠, as illustrated in Fig.  B.15.

Fig. B.18. Comparison of resulting surge hydrographs for four different definitions of 𝐷𝑠 for wind direction 𝑊𝑁𝑊 , where storms were subdivided into three duration clusters, 
based on 𝐷𝑠: short, medium and long storms.
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Fig. C.19. Scatter plots for different combinations of storm characteristics. In blue for the total selection of 8,000 storms, and in red for storm events that exceed a sea level of 
NAP+3 m. The subtitles show Pearson’s correlation coefficient.

Fig. D.20. Empirical distributions of the tidal offset 𝜑 [h], for wind directions SSW, W and NNW for the four coastal stations. In blue for the 8,000 selected storm events and in 
red for storms resulting in a sea level that exceeds NAP+3 m.
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Fig. E.21. Comparison of averaged, normalized storm surge hydrographs for different magnitudes of the maximum surge height 𝑠 (different colors) for the three surge duration 
classes (subplots), for four coastal stations (a to d), wind direction West and the most dominant value of the tidal offset.
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Fig. F.22. Normalized storm surge and sea level hydrographs for location Vlissingen, corresponding to a maximum surge height 𝑠 of 3.0 m, compared to the WBI schematization 
(black, dashed lines). The corresponding astronomical tide is depicted as a gray dashed line. The sea level hydrographs are presented for direction West and the three dominant 
tidal phases. The three colors represent the three duration classes (short, medium, long).

Fig. F.23. Normalized storm surge and sea level hydrographs for location Harlingen, corresponding to a maximum surge height 𝑠 of 5.3 meters, compared to the WBI schematization 
(black, dashed lines). The corresponding astronomical tide is depicted as a gray dashed line. The sea level hydrographs are presented for direction West and the three dominant 
tidal phases. The three colors represent the three duration classes (short, medium, long).
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Fig. F.24. Normalized storm surge and sea level hydrographs for location Delfzijl, corresponding to a maximum surge height 𝑠 of 4.5 meters, compared to the WBI schematization 
(black, dashed lines). The corresponding astronomical tide is depicted as a gray dashed line. The sea level hydrographs are presented for direction West and the three dominant 
tidal phases. The three colors represent the three duration classes (short, medium, long).
Data availability

Data will be made available on request.
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