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 A B S T R A C T

This study examines the importance of free infragravity (FIG) waves in the North Sea using a recent 
collection of wave measurements and a newly developed unstructured SWAN model. The measurements include 
new observations of infragravity waves at offshore (30–40 m water depth) and nearshore (10–20 m water 
depth) locations in the southern North Sea. These observations serve as the basis for model optimization 
and verification. Good agreement is obtained between model predictions and measurements during two 
recent storm periods, including severe storms with unusual wind directions and high wind speeds (e.g., 
‘‘Storm Babet’’). Model investigation along the coasts of Belgium and the Netherlands demonstrated a strong 
dependence between nearshore FIG conditions (i.e., energy intensity and sources) and storm characteristics 
(i.e., alongshore wind pattern and storm track). Specifically, several storms have demonstrated significant 
contributions of FIG energy originating from remote sources (e.g., the coasts of UK and Denmark). This suggests 
that nearshore FIG conditions in the North Sea cannot be determined based on the local sea-swell conditions 
alone and may be significantly underestimated if non-local contributions are ignored. Finally, modelled and 
measured results at nearshore locations along the Dutch coast revealed that under storm conditions FIG energy 
can be an order of magnitude higher than energy due to bound infragravity (BIG) waves. This result, augmented 
with estimated ratios of free and forced infragravity energy at the shoreline, emphasizes the necessity of 
considering the FIG waves as an integral part of coastal safety assessments along the coasts of the North Sea.
1. Introduction

Infragravity (IG) waves are long waves which can significantly 
modulate storm surge and tide levels along the coasts around the globe 
(e.g., Dodet et al., 2019). In contrast to sea-swell waves, which are 
dissipating considerably nearshore due to breaking, the small steepness 
of IG waves allows them to penetrate deep into the surf-zone with 
minimal dissipation. Consequently, IG waves may be the dominant 
oscillating components during extreme sea levels (e.g., Guza and Thorn-
ton, 1982), leading to significant runup (e.g., Ruggiero et al., 2004) 
and overtopping (e.g., Cheriton et al., 2016) events and to considerable 
beach erosion and dune overwash (e.g., McCall et al., 2010). Following 
evidence collected during storms of the impacts associated with IG 
waves (e.g., Roeber and Bricker, 2015; Baumann et al., 2017), aware-
ness of the need to include them as an integral part of coastal safety 
assessments has increased (e.g., Winter et al., 2020). Especially, due to 
the simultaneous increase in low-lying coastal population (e.g., Neu-
mann et al., 2015) and in the frequency and intensity of coastal storms 
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(e.g., Emanuel, 2013), the necessity to take the IG band into account 
for the development of coastal resilience strategies and early warning 
systems is becoming increasingly urgent.

State-of-the-art forecast systems of coastal flooding and erosion 
that include the impact of IG waves are based on coupling of large 
and small scale modelling approaches (e.g., Vousdoukas et al., 2012; 
Barnard et al., 2014; Turner et al., 2024). Large-scale models resolve 
the development of sea-swell waves, upper ocean circulation and atmo-
spheric components (e.g., tides, surface currents, storm surges) which 
are then used as boundary conditions for small-scale nearshore models. 
The latter modelling approach is commonly based on high-resolution 
models which can predict the complicated processes characterize the 
swash-zone hydrodynamics (e.g., Roelvink et al., 2009; Zijlema et al., 
2011). Within these forecast systems, the contribution of IG waves is 
introduced along the offshore boundaries of the small-scale models 
(usually defined along water depths of O(10 m)), estimated as the 
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second-order bound (phase-coupled) response to the local incident 
wind wave forcing (Hasselmann, 1962). Namely, current modelling 
practice assumes that shoreward propagation of IG waves nearshore 
are solely composed of bound IG (BIG) components. This assumption 
introduces uncertainty regarding the impact of IG waves, specifically 
because of the unknown presence of freely propagating IG (FIG) waves. 
The questions that arise in this context concern the relative importance 
of FIG compared to BIG waves at the offshore boundaries and the prop-
agation of wave uncertainty from the offshore boundaries to the swash 
zone (e.g., Fiedler et al., 2019; Rutten et al., 2021). Obviously, non-
negligible FIG energy contribution at the offshore boundaries would 
suggest possible underprediction of IG wave impacts based on the 
presently used forecast systems. Nearshore observations collected along 
open coasts (i.e., coastlines surrounding open oceans) provide indi-
cation for this possible underprediction by showing that the relative 
FIG energy contribution (at a water depth of O(10 m)) can be signif-
icant even under high swell energy conditions (Okihiro et al., 1992; 
Elgar et al., 1992; Herbers et al., 1995b). However, the relative en-
ergy contribution of the shoreward propagating FIG waves is largely 
unknown.

Analyses of FIG energy levels nearshore usually distinguish between 
energy of locally generated FIG (FIG𝐿) waves and energy due to re-
motely generated FIG (FIG𝑅) waves. The former represents IG energy 
radiation from nearby coasts, which may propagate shoreward if it 
is reflectively trapped (refer to recent review by Bertin et al., 2018), 
while the origin of the latter is principally unknown and is mostly 
explained based on radiation from remote shorelines (e.g., Webb et al., 
1991; Rawat et al., 2014; Crawford et al., 2015; Neale et al., 2015; 
Tonegawa et al., 2018), although other possible generation mechanisms 
were proposed as well (e.g., Vrećica et al., 2019). Along open coasts, 
nearshore FIG energy is usually dominated by reflectively trapped 
energy (e.g., Smit et al., 2018), while FIG𝑅 energy is typically negligible 
(e.g., Herbers et al., 1995b), after being diffused (due to, e.g., direc-
tional dispersion and refractive scattering in the presence of small-scale 
medium inhomogeneity) over transoceanic distances (i.e., distances 
of O(10000 km)). However, beaches surrounding regional seas (for 
example, the North Sea, the Mediterranean Sea, the Gulf of Mex-
ico) may be exposed to completely different IG conditions, since for 
such seas FIG𝑅 waves travel much shorter distances (i.e., distances of 
O(100–1000 km)), and therefore, subject to much less energy density 
attenuation.

The importance of FIG𝑅 waves in regional seas was recently demon-
strated by Reniers et al. (2021), showing relatively high values of FIG 
wave heights in the middle of the North Sea under storm conditions. In 
order to explain these observations, Rijnsdorp et al. (2021) extended 
the SWAN model (Booij et al., 1999) with a parametrized source 
function proposed by Ardhuin et al. (2014) that describes short wave-
driven FIG energy radiation along coastlines. Building on the agreement 
achieved between model and measured results, Rijnsdorp et al. (2021) 
used the SWAN model to investigate the importance of shoreward 
propagating FIG𝑅 waves along the coastlines surrounding the North 
Sea. The model suggested that the relative energy levels of shoreward 
propagating FIG𝑅 waves can demonstrate significant values depending 
on the storm and the examined nearshore location. As an example, 
storms blowing towards Denmark may result in incoming FIG wave 
heights near the Dutch coasts which are largely determined by IG waves 
radiated from the Danish coasts (see Fig. 5 by Rijnsdorp et al. (2021)).

Motivated by the results of Reniers et al. (2021) and Rijnsdorp et al. 
(2021), this study aims to further explore the potential importance of 
shoreward propagating FIG along the coasts of regional seas. To this 
end, the present study generalizes the predictive capabilities of FIG 
using SWAN and extends model verification for the North Sea. The 
new model developments and the extended model verification are made 
possible due to new data sets measured during the storm seasons of 
2022 and 2023/24 at several offshore and nearshore locations over 
the southern North Sea. Compared to the measured data sets that 
2 
formed the basis of the studies by Reniers et al. (2021) and Rijnsdorp 
et al. (2021), the present data sets have no upper limit on the IG 
frequency range (which was 0.01 Hz and has so far limited IG wave 
observations) and consist of a larger number of measurement points 
spread over a larger area over the southern North Sea (over water 
depths ranging from about 30 m to about 10 m). Such data availability 
allows generalizing and improving model calibration for the North Sea 
and the optimization and verification of its predictive capabilities for 
the full IG frequency range and over offshore and nearshore locations. 
Finally, in order to allow offshore as well as nearshore predictions with 
suitable spatial resolution, FIG wave modelling using SWAN is also 
extended to unstructured grids.

The new unstructured SWAN model for FIG waves over the North 
Sea is detailed in Section 2, whereas the new measurements are pre-
sented in Section 3. Based on the measured data, the model is optimized 
and verified in Section 4. Ultimately, the importance of FIG versus 
BIG energy nearshore is examined using the model and the available 
measurements in Section 5. Discussion and concluding remarks are 
outlined in Sections 6 and 7.

2. SWAN modelling of FIG waves over the North Sea

The SWAN model for FIG waves describes the evolution of IG 
energy in time and space due to refraction over varying bathymetry 
and dissipation through bottom friction. Using spherical coordinates, 
the model is mathematically defined through the following expression: 

𝜕𝐸
𝜕𝑡

+
𝜕𝑐𝜆𝐸
𝜕𝜆

+ cos−1 𝜑
𝜕𝑐𝜑 cos𝜑𝐸

𝜕𝜑
+

𝜕𝑐𝜎𝐸
𝜕𝜎

+
𝜕𝑐𝜃𝐸
𝜕𝜃

= −𝜒 𝜎2

𝑔2 sinh2 𝑘ℎ
𝐸 (1)

where 𝐸(𝜎, 𝜃; 𝜆, 𝜑, 𝑡) is the space and time dependent spectral energy 
density, 𝑡 represents time and 𝑐𝜆, 𝑐𝜑, 𝑐𝜎 and 𝑐𝜃 are the energy flux ve-
locities through the longitude, latitude, frequency and direction spaces, 
respectively. Note that the expressions for the different flux velocities 
can be found in SWAN Team (2024). Additionally, the right-hand-side 
of (1) presents the expression for bottom friction, implemented here 
based on the formulation proposed by Hasselmann et al. (1973) for 
which the bottom friction coefficient, 𝜒 , is a constant. Finally, the bot-
tom friction formulation also depends on the gravitational acceleration, 
𝑔, the spectral wavenumber magnitude, 𝑘, and the water depth, ℎ.

FIG energy is radiated into the model along source lines which are 
implemented parallel to the coastlines of the considered domain. The 
radiated energy arises because of two different sources. The first is the 
reflection of existing FIG waves which propagate towards the shore, 
while the second refers to the radiation of forced IG waves which are 
generated through nonlinear interactions and breaking of shoaling sea-
swell waves. In order to model the first FIG source, SWAN defines a 
reflection parameter, 𝑅, which represents the ratio of outgoing and 
incoming FIG energy using values ranging from 0 to 1. The second 
source of energy is modelled in SWAN through the parameterization 
proposed by Ardhuin et al. (2014) that relates between the shoaling 
sea-swell waves and the reflected FIG waves as follows 

𝐸0
𝐼𝐺 = 1.2𝛼2

𝑘𝑔2

𝑐𝑔𝜎

(

1
4
𝐻𝑠𝑠𝑇

2
𝑚−1,0

)2
× 𝐹 ×𝐷 (2)

where 𝐸0
𝐼𝐺(𝜎, 𝜃) represents the seaward radiated FIG energy along the 

source lines, 𝑐𝑔 is the group velocity, 𝐻𝑠𝑠 stands for the sea-swell sig-
nificant wave height, 𝑇𝑚−1,0 represents the sea-swell mean wave period 
and 𝛼 is a calibration parameter. Note that the present formulation uses 
𝑇𝑚−1,0 instead of the originally proposed 𝑇𝑚−2,0 due to the unavailability 
of the latter within publicly accessible data of sea-swell waves, such 
as provided by Copernicus Marine Environment Monitoring Service 
(CMEMS). These two different characteristic periods are defined as 
𝑇𝑚−1,0 = 𝑚−1∕𝑚0 and 𝑇𝑚−2,0 =

√

𝑚−2∕𝑚0, where 

𝑚𝑛 =
𝑓𝑠𝑠,𝑚𝑎𝑥

𝑓 𝑛𝐸𝑠𝑠(𝑓 ) 𝑑𝑓 (3)
∫𝑓𝑠𝑠,𝑚𝑖𝑛
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and [𝑓𝑠𝑠,𝑚𝑖𝑛, 𝑓𝑠𝑠,𝑚𝑎𝑥] define the frequency range of the sea-swell energy 
spectrum 𝐸𝑠𝑠. Finally, 𝐹  represents the radiated frequency distribution 
and 𝐷 stands for the radiated directional distribution.

The distribution functions 𝐹  and 𝐷 were proposed by Ardhuin et al. 
(2014) to follow specific universal forms. Here, the SWAN model is 
extended by generalizing these distribution functions. Over the fre-
quency domain, the functional structure of 𝐹  is preserved, but the 
fixed constants included in its definition are allowed to be tuned based 
on, e.g., field observations. Over the directional domain, the omnidi-
rectional radiation proposed by Ardhuin et al. (2014) is generalized 
to allow for a preferable direction due to specular reflection. These 
functions are mathematically defined as 

𝐹 =

(

min(1, 𝑐1∕𝑓 )
)𝑐2

𝛥𝑓
, (4)

and 

𝐷 =

⎧

⎪

⎨

⎪

⎩

cos𝑚 (𝜃 − 𝜃𝐼𝐺)
𝛥𝜃

, |𝜃 − 𝜃𝐼𝐺| ≤ 90 deg

0, |𝜃 − 𝜃𝐼𝐺| > 90 deg
(5)

The frequency distribution, 𝐹 , is calibrated using the positive defined 
parameters 𝑐1 and 𝑐2. The calibration parameter for the directional 
distribution, 𝐷, is the positive defined power of the cosine, 𝑚, which 
controls the distribution width around 𝜃𝐼𝐺. The latter defines the 
expected FIG peak direction. This direction is evaluated based on the in-
cident peak direction of the sea-swell waves under the assumption that 
the corresponding forced IG waves share the same directional peak and 
are specularly reflected from the coastline (see Herbers et al., 1995b,a; 
Reniers et al., 2010; Zhang, 2022; Nose et al., 2024). The value 𝑚 = 0
(without the conditions on |𝜃 − 𝜃𝐼𝐺|) descends the new definition of 𝐷
back to the original omnidirectional definition of Ardhuin et al. (2014). 
Finally, 𝛥𝑓  and 𝛥𝜃 ensure that both distributions integrate to 1.

In summary, the introduction above provides a general overview for 
the modelling of FIG waves using SWAN. In order to use SWAN over 
a specific domain, one would require to define specific source lines. 
These are considered next for the North Sea domain.

2.1. Definition of source lines for the North Sea

The source lines defined here for the North Sea (implemented over 
water depths of O(10 m)) are described in the right panel of Fig.  1. 
Each source line is assumed to be subjected to a different empirical 
relations between incoming sea-swell waves and outgoing FIG waves, 
as determined by 𝛼 (see (2)). This source line division is considered 
since 𝛼 is expected to strongly depend on the coastline characteristics. 
Specifically, two coastal characteristics are taken here into account 
for the classification between different source lines. These are the 
cross-shore slope and the bed material (see motivation for this choice 
by Herbers et al., 1995b; Van Dongeren et al., 2007). The distinction 
between milder and steeper cross-shore slopes are indicated by the 
right panel of Fig.  1 (based on global cross-shore slope data provided 
by Athanasiou et al., 2019). Yellow dots indicate coasts with milder 
slopes compared to coasts marked with black dots, showing that the 
source line of Belgium, the Netherlands and Germany characterize 
relatively milder average slope, while the source lines of north UK and 
Norway characterize relatively steeper average slope. Additionally, the 
bottom bed material contributed to the definition of the division shown 
for the source lines along the UK coasts. This division is based on the 
detailed description of the UK coastal bed material as presented by Fig. 
1.2 in May and Hansom (2003). Thus, for example, the shorelines of 
northern UK and Shetland Islands, which are characterized by rocky 
coasts are distinguished from the shorelines of southern UK, which are 
characterized by sandy beaches. To conclude, these considerations led 
to the definition of the six source lines illustrated in Fig.  1 (refer to 
Section 2 of the Supplementary document for the specification of the 
source lines coordinates).
3 
2.2. Unstructured SWAN modelling of FIG waves

Fig.  1 also describes a relatively coarse example of the depth-
dependent unstructured grid type implemented for the FIG wave com-
putation with SWAN. Generally speaking, the unstructured approach 
introduces some advantages over the nested approach, especially when 
considering problems involving wave evolution from offshore to
nearshore locations. Specifically, unstructured grids provide flexibility 
to refine nearshore model resolution and to properly represent complex 
coastlines while maintaining cost-effective offshore coarse resolution 
in a single computational grid. By itself, such a possibility reduces 
modelling complexity compared to the nested approach. Moreover, the 
unstructured approach also avoids potential errors that could be caused 
by the nesting process and the introduction of internal boundaries and 
allows a built-in smooth exchange of information between coarser and 
finer computational regions.

The unstructured grid implemented here is generated using the 
recently developed MATLAB-based mesh generation code called Ocean-
Mesh2D (Roberts et al., 2019). Besides refinement nearshore, Ocean-
Mesh2D also allows grid refinement according to bathymetry levels, 
so that finer resolution is applied over shallower areas in the North 
Sea (see, e.g., the finer grid resolution over the Doggersbank in the 
left panel of Fig.  1). This is implemented by specifying the number of 
elements 𝑁 per semi-diurnal tidal wavelength 𝜆𝑀2 as 

𝛥𝑥 =
𝑇𝑀2

√

𝑔ℎ
𝑁

(6)

where the dependence of 𝜆𝑀2 on depth is explicitly expressed by 
the numerator on the right-hand-side of (6) using the shallow water 
dispersion relation, and 𝑇𝑀2 is the semi-diurnal tidal wave period 
(equal to about 12.42 h). Here, 𝑁 is taken to be 𝑁 = 250 which results 
in a grid resolution of about 5 km over 80 m depth in the northern 
parts of the North Sea and grid resolutions of about 1.75–3 km over 
10–30 m depths in the southern parts of the North Sea. Additionally, for 
deeper depths, the maximum resolution is limited to 10 km. Nearshore, 
it is restricted to 0.5 km. Finally, note that the model is configured 
here with a directional resolution of 5◦ and 37 logarithmically spaced 
discrete frequencies ranging from 0.0025 Hz to 0.075 Hz.

2.3. Nearshore parameters of sea-swell waves

Lastly, it is also necessary to specify the sea-swell wave parameters 
in order to allow energy generation of FIG along the source lines 
surrounding the North Sea, as dictated by (2). To this end, publicly 
accessible wave data were downloaded from a CMEMS product called 
the Atlantic-European North West Shelf-Wave Physics Reanalysis. This 
product provides hindcast of wave parameters for waves with periods 
of 3–30 s. The model underlying this product is WAVEWATCH III 
(WW3) (Tolman et al., 2009), computed with spatial resolution of about 
1.5 km and temporal resolution of 3 h, and with atmospheric forcing 
provided by the ECMWF ERA5 reanalysis data. For the purposes of the 
present study, the spatio-temporal accuracy of the sea-swell wave data 
is particularly important nearshore, as it affects the accuracy of FIG 
wave generation along the source lines, and therefore, the prediction 
capabilities of FIG waves. The nearshore accuracy of the presently used 
CMEMS product, which hereafter will be referred as WW3, is examined 
in the Supplementary document. This examination and the verification 
of the newly developed unstructured SWAN model to predict FIG waves 
in the North Sea are based on a new collection of wave observations 
which are described in detail in the next section.
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Fig. 1. The definition of the source lines (right panel) and a relatively coarse example of the depth-dependent unstructured grid (left panel) used for the SWAN 
modelling of FIG waves over the North Sea. The black and yellow dots shown in the right panel define coasts with a cross-shore slope steeper and milder than 
1∕120, respectively.
Fig. 2. Measurement stations (indicated by the red dots) over the southern North Sea.
Table 1
Specifications of the measurement stations. The observations were collected between January and April 2022 (‘‘SP22’’) and 
between October 2023 and February 2024 (‘‘SP23/24’’). Data availability per station is indicated in the last column. Additionally, 
the available information of radar heights ([m] above MSL) are included in parentheses in the ‘‘Instrument’’ column.
 Name Lat [◦] Long [◦] Depth 

[m] (MSL)
Instrument (Radar 
height [m])

Sampling 
frequency [Hz]

Availability  

 OS11 51.643 3.480 10.0 Radar 2.56 SP22 & SP23/24  
 BG2 51.767 3.622 10.6 Step gauge 2.56 SP22 & SP23/24  
 EUR 51.998 3.275 32.3 Radar (14.0) 2.56 SP23/24  
 REF 52.061 4.146 13.3 Pressure gauge 4 SP22  
 SPY 52.464 4.517 18.3 Radar (12.1) 2.56 SP22 & SP23/24  
 K13 53.217 3.219 29.0 Radar (24.2) 2.56 SP22 & SP23/24  
 J6 53.817 2.950 42.1 Radar (29.1) 2.56 SP23/24  
 D15 54.317 2.933 42.1 Radar (17.8) 2.56 SP23/24  
 F3 54.850 4.717 42.9 Radar 2.56 SP23/24  
 A12 55.399 3.810 30.3 Radar (26.3) 2.56 SP22  
3. Wave observations in the southern North Sea

The present study presents recent field observations of waves over 
the southern North Sea at the locations shown in Fig.  2. The observa-
tions were collected using different instruments and during different 
time periods. A summary of the specifications for each measurement 
point is detailed in Table  1.

The measuring instruments used to collect the observations dis-
cussed here are platform-mounted radars looking downward from 
4 
about 10–30 m above MSL, a step gauge which is a pole with a 
number of equidistant electrodes that is fixed to the sea bed, and 
a pressure gauge near the bed. These instruments provide discrete 
time series of the surface elevation, and therefore, allow to recon-
struct one-dimensional frequency dependent energy spectra and the 
corresponding wave parameters such as 𝐻𝑚0 and 𝑇𝑚−1,0.

The observations considered here are divided into two storm pe-
riods, the period between January and April 2022 (denoted hereafter 
as ‘‘SP22’’) and the period between October 2023 and February 2024 
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Fig. 3. Observed (circles) and WW3 predicted (solid red line) 𝐻𝑠𝑠 at the measurement station K13 during SP22 (upper panel) and SP23/24 (lower panel). The 
gray bands define the periods of the storms considered in this study. The names of the storms are listed in Table  2 and are indicated here by the corresponding 
storm numbers appearing at the top of the gray bands. Also included is the mean absolute error (MAE) of the WW3 prediction with respect to the observations 
(see the MAE values in parentheses at the upper right corners of the two panels).
Table 2
Names of storms during SP22 (left) and SP23/24 (right). In conjunction with Fig.  3, the numbers attached to the 
names indicate when the storms occurred. Additionally, the ERA5 maximum hourly sustained wind speed during 
the storm peak is given under the ‘‘Wind speed’’ column. Finally, a general overview of the ERA5 wind directions 
during the storm peak is provided in terms of the most impacted coastlines under the ‘‘Impacted coasts’’ column, 
where the notation ‘‘-’’ indicates counterclockwise inclusion (e.g., BE-NOR refers to all coastlines from Belgium 
to Norway in counterclockwise order around the North Sea).
 SP22 SP23/24

 No. Name Wind
speed [km/h]

Impacted
coasts

No. Name Wind
speed [km/h]

Impacted
coasts

 

 1 Jan 5 69 BE-DK 1 Oct 15 69 GER-NOR  
 2 Jan 20 71 GER-NOR 2 Babet 89 UK  
 3 Corrie (a) 87 GER-NOR 3 Ciarán 67 NOR  
 4 Corrie (b) 80 BE-NL 4 Debi 67 NL-GER  
 5 Corrie (c) 68 GER-NOR 5 Nov 24 71 BE-NOR  
 6 Feb 7 69 BE-NOR 6 Elin 64 NL, UK  
 7 Feb 11 66 NL-NOR 7 Pia 83 NL-NOR  
 8 Dudley 78 NL-DK 8 Gerrit 80 DK, UK  
 9 Eunice 79 BE-DK 9 Henk 83 NL-GER, UK 
 10 Franklin 65 BE-DK 10 Irene 65 UK-NOR  
 11 Feb 25 68 GER-DK 11 Isha 76 GER-NOR  
 12 Mar 31 45 UK-NL 12 Jocelyn 69 NL-NOR  
(denoted hereafter as ‘‘SP23/24’’). As detailed in Table  1, only a 
few stations collected wave measurements during both of these storm 
periods. In total, 6 stations collected wave measurements during SP22 
(i.e., ‘‘OS11’’, ‘‘BG2’’, ‘‘REF’’, ‘‘SPY’’, ‘‘K13’’ and ‘‘A12’’) and 8 stations 
collected wave measurements during SP23/24 (i.e., ‘‘OS11’’, ‘‘BG2’’, 
‘‘EUR’’, ‘‘SPY, ’’K13‘‘, ’’J6, ‘‘D15’’, and ‘‘F3’’).

Based on the raw data produced by the different stations (given 
as time series sampled according to the frequencies listed in Table 
1), three-hourly time series are generated. At each time step, a con-
ventional spectral and bispectral analysis is performed (see details 
by Herbers et al., 1994, and refer to a brief summary in the Supplemen-
tary document) using semi-overlapping blocks of 10 min to evaluate 
sea-swell and IG wave parameters and to separate BIG from FIG energy 
contributions. The bulk results are classified into sea-swell waves with 
periods of 3–30 s and infragravity waves with periods of 30–200 s.

Fig.  3 shows the results of the sea-swell significant wave height at 
station K13 (a station located in the central North Sea, as described 
by Fig.  2). On top of these results are gray bands representing the 
various storms that occurred during SP22 and SP23/24. The numbers 
at the top of the bands correspond to the storm names listed in Table 
2. The storms considered include both officially named storms (given 
5 
by the meteorological institutes Met Office, Met Éireann, and the Royal 
Netherlands Meteorological Institute) and unnamed storms (which are 
labelled according to their peak date, e.g., storm Jan 5). These storms 
were selected based on their associated significant wave heights (reach-
ing close to or exceeding 4 m at K13, as shown in Fig.  3) and sustained 
wind speeds (reaching close to or exceeding 65 km/h, according to 
Table  2, with the exception of storm Mar 31). In addition, the duration 
of each storm (shown by the gray bands in Fig.  3) was determined 
using ERA5 hourly wind velocity time series (Hersbach et al., 2023). 
These time series clearly illustrate the intensification and weakening of 
wind speeds over the North Sea basin, allowing the storm periods to 
be readily identified. Finally, Fig.  3 also compares between observed 
and modelled sea-swell wave heights. The close match shown between 
the WW3 prediction and the observations is also verified by the mean 
absolute error (included in the upper right corner of each panel in Fig. 
3), defined as 

MAE =
⟨

|𝐻𝑜𝑏𝑠
𝑠𝑠 −𝐻𝑚

𝑠𝑠|
⟩

(7)

where ⟨...⟩ indicates time averaging, and the superscripts 𝑜𝑏𝑠 and 𝑚
indicate observed and modelled values, respectively.
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Fig. 4. 𝐻𝑖𝑔 observations as a function of 𝐻𝑠𝑠 during SP22 and SP23/24. Green circles denote 𝐻𝑓𝑖𝑔 observations and black circles are the observations of 𝐻𝑏𝑖𝑔 . The 
dashed lines are fitting curves whose expressions are given at the upper part of each panel. The red fill of some of the green circles indicates 𝐻𝑓𝑖𝑔 observations 
which are higher than 0.1 m and 1.5 times higher than the expected fit. For convenience, the water depths, ℎ, of the different stations are included in parentheses.
3.1. BIG and FIG wave observations over the southern North Sea

Besides the sea-swell components, the measurements at the different 
stations considered here also allow to extract the IG signals and to 
distinguish between the BIG components which are nonlinearly cou-
pled to the sea-swell waves and the FIG components which are freely 
propagating in space. Fig.  4 summarizes the observations of 𝐻𝑖𝑔 as a 
function of 𝐻𝑠𝑠 for each of the stations. During storm conditions, 𝐻𝑠𝑠
is observed to approach almost 10 m height offshore (as demonstrated 
by station F3), whereas nearshore, the highest sea-swell waves reach 
values between 4 m (see, e.g., 𝐻𝑠𝑠 values of OS11) and 6 m (as seen, 
e.g., by station REF). In contrast to the sea-swell heights, the IG heights 
become higher nearshore compared to offshore and can reach almost 
0.5 m height (as demonstrated by 𝐻𝑓𝑖𝑔 at OS11).

Fig.  4 also presents the functional relations of 𝐻𝑓𝑖𝑔 and 𝐻𝑏𝑖𝑔 with 
𝐻𝑠𝑠, using fitting curves with predetermined functional structures. Her-
bers et al. (1995b) showed that for open coasts (i.e., coastlines sur-
rounding open oceans) these relations obey to the following expres-
sions: 
𝐻𝑏𝑖𝑔 ∝ 𝐻2

𝑠𝑠 (8)

𝐻𝑓𝑖𝑔 ∝ 𝐻𝑠𝑠 (9)

Accordingly, the structures of the fitting curves are chosen to follow 
the expressions 𝑝𝐻𝑞  and 𝑎𝐻 + 𝑏, to represent the values of 𝐻
𝑠𝑠 𝑠𝑠 𝑏𝑖𝑔

6 
and 𝐻𝑓𝑖𝑔 respectively, with the aim of examining the validity of the 
findings by Herbers et al. (1995b) to offshore and nearshore conditions 
in the North Sea. The fitting curves obtained for each of the stations 
are summarized by the panels of Fig.  4. It is observed that 𝑞 tends to 
the expected value of 2 only for some of the stations while for most of 
the stations the values of 𝑞 are quite low (see, e.g., the fits of EUR, J6 
and D15). The reasons for these observations can be physically related 
(e.g., due to time dependent frequency or directional spreading of the 
sea-swell waves which may lead to significant scatter in the relation 
between 𝐻𝑏𝑖𝑔 and 𝐻𝑠𝑠) or related to the measurement accuracy of 
IG waves (the measurement accuracy of low-frequency heights using 
radars may be exposed to deviations as demonstrated by Ewans et al., 
2014; Jangir et al., 2022). Low 𝑞 values are also obtained for the step 
gauge station BG2, while the results of the pressure gauge at station 
REF are consistently follow the excepted theoretical value of 𝑞 = 2.

Inaccuracy of IG measurements may also be the cause of non-zero 
𝑏 value of the 𝐻𝑓𝑖𝑔 fit. This 𝑏 value essentially represents the value of 
𝐻𝑓𝑖𝑔 for 𝐻𝑠𝑠 = 0. Non-zero 𝑏 values appear for radar stations and are 
particularly high for offshore stations, while for nearshore stations 𝑏
tends to zero. A plausible explanation for the divergence of 𝑏 from zero 
for offshore radar stations is the dependency of the radar performance 
on its height above the mean sea level (and its associated footprint as 
explained by Jangir et al., 2022), where this height is usually greater for 
offshore versus nearshore stations (see also the available radar heights 
in Table  1). Indeed, a weak support for this explanation is observed by 
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Fig. 5. Energy ratios of FIG and BIG waves (circles) at nearshore stations and under storm conditions (conditions for which 𝐻𝑓𝑖𝑔 > 0.1 m) during SP22. The 
medians of the energy ratios during the different storms (the numbers on top of the upper panel indicate the storm names according to Table  2) are plotted by 
the short horizontal black lines. The face colour of the circles indicates the value of 𝐻𝑓𝑖𝑔 according to the colour bar on the right side of the panels.
examining the different 𝑏 values in conjunction with the available radar 
heights (where the rather high positioned radar at A12 can be seen as 
an outlier). Additionally, it seems that 𝑏 may subject to different values 
for nearby stations with similar depth conditions (see the 𝑏 values of 
stations J6 and D15). This observation suggests that 𝑏 may be affected 
by a local factor, and thus, supports the possibility of measurement 
error.

The results presented by Fig.  4 also allow to qualitatively compare 
between the heights of the FIG and the BIG components. Generally 
speaking, the results suggest that the FIG energy is more significant 
than the BIG energy over both offshore and nearshore regions and 
for most of the sea-swell wave conditions. However, for some of the 
locations and for high 𝐻𝑠𝑠 values, 𝐻𝑓𝑖𝑔 and 𝐻𝑏𝑖𝑔 tend to become 
comparable (see, e.g., the results of stations REF, SPY, F3 and A12). 
This tendency is consistent with the observations of Herbers et al. 
(1995b) for open coasts. Yet, the present results also reveal scenarios 
with high 𝐻𝑠𝑠 values for which the FIG wave heights are significantly 
higher than those of the BIG waves. Some of these scenarios seem to 
coincide with the 𝐻𝑓𝑖𝑔 observations which are indicated by the red fill, 
namely with cases for which 𝐻𝑓𝑖𝑔 is 1.5 times higher than the expected 
fit (see the red fill of some of the green circles in Fig.  4). Finally, it is 
noted that these scenarios are mostly observed at nearshore stations 
(see, e.g., the highest 𝐻𝑓𝑖𝑔 results of OS11).

One of the explanations for the 𝐻𝑓𝑖𝑔 deviations from the expected 
fit at nearshore locations and for high 𝐻𝑠𝑠 is the dependency of the 
shoreline reflected FIG energy on the mean sea-swell wave period 
as observed by Ardhuin et al. (2014) who suggested to improve the 
linear fit (i.e., 𝑎𝐻𝑠𝑠) with 𝑎𝐻𝑠𝑠𝑇 2

𝑚−2,0. Indeed, the latter was recently 
observed by Oh et al. (2023) to correlate better with high 𝐻𝑓𝑖𝑔 values 
nearshore compared to the correlation achieved with the former. Addi-
tional explanation for the higher than expected 𝐻𝑓𝑖𝑔 nearshore could 
be the release of BIG waves due to sea-swell wave breaking or due 
to rapid bathymetry changes. This effect is particularly expected for 
high 𝐻𝑠𝑠 values and over nearshore regions characterized by significant 
bathymetry changes (as demonstrated by the bathymetric structure in 
front of stations OS11 and BG2). Among the other possible explanations 
for high 𝐻𝑓𝑖𝑔 values nearshore which deviate significantly from the 
linear fit, and at the same time show values that are much more 
significant than the corresponding 𝐻𝑏𝑖𝑔 values, is the contributions of 
FIG𝑅 waves that are uncorrelated to 𝐻𝑠𝑠. In contrast to open coasts for 
which energy due to FIG  waves is diffused over transoceanic distances, 
𝑅
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over regional seas like the North Sea, FIG𝑅 waves travel distances 
that may be one or two orders of magnitude shorter, and thus, their 
nearshore energy can potentially be much more significant. In order to 
explore more indications that can support this hypothesis, the following 
subsection examines in further detail the relative importance of FIG 
waves nearshore and under storm conditions.

3.2. The relative importance of nearshore FIG waves under storm conditions

The importance of FIG waves nearshore is examined here based on 
the energy ratio of FIG and BIG waves at stations OS11, BG2, REF and 
SPY as a function of time. The present examination focuses on storm 
conditions which satisfy 𝐻𝑓𝑖𝑔 > 0.1 m. Figs.  5 and 6 show that the 
nearshore medians of the energy ratios are always higher than one 
under storm conditions, and for some of the stations and storms can 
even reach higher values than a hundred (see, e.g., the results of OS11 
and BG2).

Based on observations at open coasts (e.g., Elgar et al., 1992; 
Herbers et al., 1994, 1995b), it is expected that the energy ratio will 
be lower for higher 𝐻𝑠𝑠, and thus, higher 𝐻𝑓𝑖𝑔 (recall (8) and (9)). 
This inverse relation indeed appears by comparing between the energy 
ratios and 𝐻𝑓𝑖𝑔 in Figs.  5 and 6 for stations REF and SPY. On the other 
hand, the existence of this relation does not hold for stations OS11 
and BG2 (see for example the relatively high energy ratio obtained for 
Corrie (b) (storm number 4 of SP22), which resulted in the highest 𝐻𝑠𝑠
during SP22). Additionally, observations at open coasts also suggest 
that under storm conditions and for relatively shallow waters, the 
energy ratios are expected to be close to 1 or may even be smaller 
(e.g., Elgar et al., 1992; Herbers et al., 1994, 1995b), or alternatively, 
that under such conditions, the relative contribution of 𝐸𝑏𝑖𝑔 becomes 
significant. However, the present nearshore observations at the North 
Sea demonstrate higher energy ratios than the expected outcomes from 
open coasts. Specifically, stations OS11 and BG2, which demonstrate 
energy ratios that are order of magnitude higher than those of stations 
REF and SPY, suggest that the 𝐸𝑏𝑖𝑔 under storm conditions remains 
insignificant compared to 𝐸𝑓𝑖𝑔 .

Additional information that can help explain the high energy ra-
tios observed nearshore in the North Sea under storm conditions is 
extracted from the spatial distribution of the horizontal wind field 
(i.e., 𝑼 𝟏𝟎) at the storm peaks. Six such examples are shown in Fig.  7. 
In general, North Sea storms are associated with northwesterly winds 



G. Akrish et al. Ocean Modelling 198 (2025) 102619 
Fig. 6. Energy ratios of FIG and BIG waves during SP23/24 (see the caption of Fig.  5 for detailed specification).
(as also suggested by the impacted coasts in Table  2), and therefore, 
significant FIG energy is expected to radiate seaward from the coasts 
of DK and GER (as also observed by Rijnsdorp et al., 2021). An 
exceptional wind direction observed during Corrie (b) (storm number 
4 of SP22), which blew directly towards the nearshore stations REF 
and SPY, leading to the highest FIG wave response measured during 
SP22. In contrast, during Corrie (a) (storm number 3 of SP22), higher 
wind speeds were observed (see also wind speeds in Table  2) but 
these were directed towards DK, leading to lower 𝐻𝑓𝑖𝑔 response and 
generally higher energy ratios (compare, e.g., the energy ratios of REF 
during Corrie (a) and (b) in Fig.  5). Besides the possible low relative 
contribution of 𝐸𝑏𝑖𝑔 , the reason for the relatively high energy ratios 
during Corrie (a) could also be the relative energy contribution of FIG𝑅
waves, which in this case is expected to arrive from the coasts of DK 
and GER. A stronger indication to the energy contribution of FIG𝑅
waves is provided through the case of storm Babet (storm number 2 
of SP23/24). This storm presents an unusual easterly wind, and thus, 
expected to be followed by seaward radiation of FIG waves along the 
UK coasts. During storm Babet, the wind speeds (as described by Fig.  7) 
and 𝐻𝑠𝑠 values (as observed in the Supplementary document by Fig. 2) 
at nearshore stations are relatively low. Accordingly, local responses of 
𝐻𝑓𝑖𝑔 at these locations during storm Babet are expected to be relatively 
low as well. However, Fig.  6 shows rather significant 𝐻𝑓𝑖𝑔 values at 
station OS11. These values are also accompanied by very high energy 
ratios. Therefore, it is reasonable to assume that these results were 
obtained due to significant FIG energy contributions originating from 
the coasts of UK.

In summary, the FIG energy contribution is found to be signifi-
cantly more dominant than the BIG energy contribution at nearshore 
stations and under storm conditions. Particularly high energy ratios 
were observed over the more sheltered (less exposed to strong wind 
velocities and the associated higher sea-swell waves) stations OS11 and 
BG2. These ratio values effectively suggest that the contributions of 
BIG waves at OS11 and BG2 are negligible under storm conditions. 
Additionally, it is also attempted here to extract indications which point 
towards the importance of the nearshore energy contribution due to 
FIG𝑅 waves. However, these indications are rather weak and cannot 
be used to draw concrete conclusions. This statement emphasizes the 
limited capability of understanding the dynamics of FIG waves in 
the North Sea based on the observations presented here. Specifically, 
the observations do not allow gaining insights into the relative en-
ergy contribution of shoreward propagating FIG waves, nor into the 
importance of energy contribution due to FIG  waves. Nevertheless, 
𝑅
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this information is essential because it may indicate the possibility of 
underestimation of the coastal impacts due to IG waves as obtained 
based on current engineering practice which neglects the FIG wave 
contribution.

In contrast to the observations, the unstructured SWAN model 
developed in Section 2 allows estimating the contribution of the shore-
ward propagating FIG waves and the importance of the FIG𝑅 waves. To 
ensure reliable model assessments, the following section is devoted to 
optimize and verify model performance to predict FIG wave dynamics 
in the North Sea.

4. Model optimization and verification

4.1. Optimization

The model optimization aims to find the parameter values which 
optimize model performance with respect to the observations discussed 
in Section 3. These parameters include 𝑐1, 𝑐2 and 𝑚 which determine 
the functional structure of the FIG energy distribution radiated along 
the model source lines (see (4) and (5)) and the alpha parameters 𝛼𝑢𝑘𝑛, 
𝛼𝑢𝑘𝑐 , 𝛼𝑢𝑘𝑠, 𝛼𝑏𝑛𝑔 , 𝛼𝑑𝑘 and 𝛼𝑛𝑜𝑟 which determine the intensity of the FIG 
energy radiation along the Northern UK coast, the Central UK coast, 
the Southern UK coast, the coasts of Belgium, the Netherlands and 
Germany, the Denmark coast and the Norway coast, respectively (see 
also the right panel of Fig.  1). Additional parameters are 𝜒 and 𝑅 which 
determine the significance of the bottom friction and the shoreline 
reflection.

4.1.1. The spectral distribution parameters of FIG waves
Since observations of the directional properties of FIG waves are 

not available along the different coasts of the North Sea, the value 
chosen for 𝑚 is 𝑚 = 0, which corresponds to the omnidirectional 
assumption. This choice is supported by the linear result which states 
that for alongshore uniform and mildly sloping beach, the directional 
distribution of (refractively trapped) seaward radiating FIG waves con-
verges to a constant far enough from the shoreline and independent of 
the directional structure at the shoreline (see Herbers et al., 1995b). 
Yet, deviations from this omnidirectional assumption are anticipated 
(see, as an example, the observations by Herbers et al., 1995b, Fig. 6) 
due to the irregular lateral structure that characterizes various North 
Sea coasts and since the source lines are quite adjacent to most of the 
shorelines.
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Fig. 7. Horizontal wind field (i.e., 𝑼 𝟏𝟎) at storm peaks over the North Sea as provided by ERA5 hourly wind velocities (Hersbach et al., 2023). The coasts 
surrounding the North Sea are illustrated by the coloured lines and the four black dots indicate the station locations, from left to right OS11, BG2, REF and SPY.
In contrast to the parameterization for the directional distribution, 
the parameterization for the frequency distribution benefits from lim-
ited data availability. Specifically, an averaged structure of nearshore 
IG frequency distribution can be extracted based on the observations 
of stations OS11, BG2, REF and SPY. Mathematically, this averaged 
structure is written as 

𝐹 𝑜𝑏𝑠 = 1
∑

𝑗 𝑁𝑗

∑

𝑗

∑

𝑡∈𝜏𝑗

𝐸𝑗
𝑖𝑔(𝑓, 𝑡)

𝑚0,𝑖𝑔(𝑡)
(10)

where 𝑗 indicates the nearshore station, 𝜏𝑗 is the set of times for which 
data are available at station 𝑗 and 𝑁𝑗 is the element number within set 
𝜏𝑗 . Additionally, 𝐸𝑗

𝑖𝑔 is the energy density of the IG range at location 
𝑗 and 𝑚0,𝑖𝑔 is the zero-order moment of that energy density. Note that 
𝐹 𝑜𝑏𝑠 essentially characterizes the complete IG field including the bound 
and the free components. In addition, it does not distinguish between 
waves with different directions of propagation. Finally, 𝐹 𝑜𝑏𝑠 charac-
terizes the frequency distribution of IG waves near the Netherlands 
coasts only. Therefore, the use of 𝐹 𝑜𝑏𝑠 as a reference to calibrate the 
frequency distribution imposed in the model effectively assumes that 
the BIG energy is generally negligible compared to the FIG energy, 
the frequency distribution of the seaward and shoreward propagating 
FIG waves has similar structure and that this structure approximately 
characterizes all the coasts surrounding the North Sea. Based on these 
assumptions (which receive merely a partial confirmation through the 
BIG and FIG wave observations presented in Section 3), the 𝑐1 and 𝑐2
values which provide the optimal fit between the 𝐹  defined in (4) and 
𝐹 𝑜𝑏𝑠 are:
𝑐1 = 0.017 [Hz] (11)

𝑐2 = 0.3 (12)

Especially notable is the difference between the value of 𝑐2 that is found 
here and the values of 1 or 1.5 suggested by earlier studies (Godin 
et al., 2013; Ardhuin et al., 2014; Zheng et al., 2021). This difference 
indicates the spatial dependence of this parameter, which results from 
the different typical conditions at different locations across the globe.

4.1.2. FIG parameters for energy generation, reflection and dissipation
The FIG parameter values for energy generation (i.e., the alpha 

values), reflection (i.e., the value of 𝑅) and dissipation (i.e., the value of 
𝜒) are found as follows. As a first step, a calibration period is decided. 
This period is selected to be from 24 October to 27 November of 2023. 
The reasons behind this choice are the availability of observations at 
a relatively large number of stations (including offshore and nearshore 
9 
stations) and because during this period there were several fairly strong 
storms (i.e., Ciarán, Debi and Nov 24) which were characterized by 
strong wind speeds along most of the North Sea coastlines (as described 
by the time series of the ERA5 hourly wind velocities). Thus, this period 
is expected to involve significant contributions of FIG energy due to 
most of the source lines. Secondly, based on observations of earlier 
studies (i.e., Rijnsdorp et al., 2021; Fa, 2021), a set of 12 pairs of 𝜒 , 
𝑅 values are defined. This set is obtained through the different choices 
out of the following ranges:
𝜒 ∈ [0.005, 0.01, 0.02] (13)

𝑅 ∈ [0, 0.25, 0.5, 1] (14)

In the third step, an optimization process is performed for each value 
pair of 𝜒 , 𝑅 to find the alpha vector (i.e., 𝜶 = [𝛼𝑢𝑘𝑛, 𝛼𝑢𝑘𝑐 , 𝛼𝑢𝑘𝑠, 𝛼𝑏𝑛𝑔 , 𝛼𝑑𝑘,
𝛼𝑛𝑜𝑟]) that leads to the most favourable model results with respect to the 
observations. In order to obtain a solution which adequately describes 
offshore and nearshore FIG wave dynamics, the calibration of 𝜶 is based 
on two offshore and two nearshore stations. The selected stations are 
BG2, SPY, D15 and F3. Besides their locations, these stations were 
chosen since their measurements seem relatively reliable based on the 
assumption that the FIG fit parameter 𝑏 should be rather small (see Fig. 
4). Finally, the optimization process itself is explained by the following. 
From the set of time points that defines the calibration period, 16 time 
points are randomly chosen for each of the four selected stations. This 
results in a random set of 64 points, based on which, a gradient descent 
is performed to extract a realization of 𝜶 that minimizes the error 
produced by the model. The model error is defined as follows: 
𝑒𝑟𝑟𝑜𝑟 =

∑

𝑡𝑖

|𝐸𝑜𝑏𝑠
𝑓𝑖𝑔 − 𝐸𝑚

𝑓𝑖𝑔| (15)

where 
𝐸𝑚
𝑓𝑖𝑔 =

∑

𝑛
𝛼2𝑛𝐸

𝑚
𝑓𝑖𝑔,𝑛 (16)

and 𝐸𝑚
𝑓𝑖𝑔,𝑛 is the spatial energy distribution at time 𝑡𝑖 due to 𝛼2𝑛 = 1, 

while setting the other alpha values to zero. Note that this expansion 
in terms of the different source line contributions is possible due to 
the linearity of (1) in 𝐸(𝜎, 𝜃; 𝜆, 𝜑, 𝑡). Additionally, 𝐸𝑜𝑏𝑠

𝑓𝑖𝑔 is the observed 
energy distribution at time 𝑡𝑖. Ultimately, the average of different 𝜶
realizations is obtained by repeating this optimization method using 
different random sets of time points. A summary of the model perfor-
mance for each pair of 𝜒 , 𝑅 is detailed in the Supplementary document. 
Finally, 𝜶 is selected based on the results of 𝜒 = 0.02 m2 s−3 and 
𝑅 = 0.25. These 𝜶 values are presented in Table  3.
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Fig. 8. Observed (black dots) and modelled (red line) 𝐻𝑓𝑖𝑔 during SP22. The mean absolute error (MAE) of the model with respect to the observations is provided 
in parentheses at the upper right corner of each panel.
Fig. 9. Observed (black dots) and modelled (red line) 𝐻𝑓𝑖𝑔 during SP23/24. The mean absolute error (MAE) of the model with respect to the observations is 
provided in parentheses at the upper right corner of each panel. Additionally, the gray backgrounds indicate the observations used to optimize 𝜶.
4.2. Verification

The model verification is based on observations which were not 
used for the calibration of 𝜶. For convenience, the observations as-
signed to optimize 𝜶 are indicated using the gray backgrounds in Fig. 
9. Therefore, the rest of the observations are used here for verifica-
tion. The verification is presented by comparing the model predicted 
𝐻𝑓𝑖𝑔 with the 𝐻𝑓𝑖𝑔 observed during SP22 (see Fig.  8) and during 
SP23/24 (see Fig.  9). Additionally, similar comparisons are consid-
ered for the characterized IG period and frequency distribution in the 
Supplementary document.

The comparisons in Figs.  8 and 9 show that the MAE of the model 
prediction (calculated according to (7)) ranges from about 1 cm to 
about 4 cm. Generally, the MAE of nearshore stations is typically low. 
Yet, a consistent model overprediction appears at station REF, which 
results in a relatively high MAE nearshore (see also model performance 
10 
Table 3
The 𝜶 values (with dimension s−1) obtained for 𝜒 = 0.02 m2 s−3 and 𝑅 = 0.25.
 𝛼𝑢𝑘𝑛 𝛼𝑢𝑘𝑐 𝛼𝑢𝑘𝑠 𝛼𝑏𝑛𝑔 𝛼𝑑𝑘 𝛼𝑛𝑜𝑟  
 27.88 × 10−4 20.26 × 10−4 14.10 × 10−4 14.57 × 10−4 18.36 × 10−4 20.75 × 10−4 

assessment in Appendix  A). This high MAE value may be due to the 
fact that the calibration of 𝜶 relies on different instruments (i.e., radar 
and step gauge) than that of REF, which may systematically estimate 
higher IG estimates than the REF instrument (i.e., pressure gauge). 
Additionally, the model underpredicts the relatively high 𝐻𝑓𝑖𝑔 values 
at OS11. This underprediction may partly result from OS11 being 
modelled slightly seaward of its actual location. This adjustment was 
made because the source lines pass directly in front of (and seaward 
of) the OS11 station, thus OS11 is located outside the computational 
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Fig. 10. 𝐻+
𝑖𝑔 of the different IG wave components (i.e., 𝐻+

𝑓𝑖𝑔,𝐿, 𝐻+
𝑓𝑖𝑔,𝑅, 𝐻+

𝑓𝑖𝑔 and 𝐻𝑏𝑖𝑔) as a function of longitude for twelve different storms that occurred during 
SP23/24. The BIG wave values (shown in black dots) are provided from left to right by OS11, BG2, and SPY.
domain. However, the impact of this shift is expected to be minimal, as 
the displacement is small (given as 2.083 km, see also detailed specifi-
cations of the modelled OS11 station in the Supplementary document). 
An additional factor which may result in the model underprediction 
of high 𝐻𝑓𝑖𝑔 values at OS11 is the underprediction of high 𝐻𝑠𝑠 by 
WW3 which is observed at station K13 (see Fig.  3) and at the nearshore 
stations OS11, BG2, REF and SPY (see Supplementary document, Figs. 
1 and 2). Since the WW3 outputs are used here to force the seaward 
radiation of FIG waves, it is expected that the underprediction of WW3 
will lead to a similar underprediction of the 𝐻𝑓𝑖𝑔 peaks. This may 
also explain the underprediction of 𝐻𝑓𝑖𝑔 peaks observed at station SPY 
and at some of the offshore stations. Finally, another factor that may 
explain the model underestimation of high 𝐻𝑓𝑖𝑔 values is the release of 
BIG waves due to sea-swell wave breaking or due to rapid bathymetry 
changes. This phenomenon gives rise to FIG energy that cannot be 
predicted based on the present model formulation.

At the offshore stations, the model accuracy tend to be less
favourable compared to the accuracy at the nearshore stations (com-
pare the MAE values presented in Figs.  8 and 9, and refer to Table 
4 in Appendix  A). Specifically, it seems that the MAE of the offshore 
stations is largely determined by deviations which consistently arise 
during periods of low 𝐻𝑓𝑖𝑔 values. This observation is most strikingly 
illustrated by stations K13 and J6 which also demonstrate the highest 
MAE values. In contrast, during periods of high 𝐻𝑓𝑖𝑔 values, the devia-
tions at the offshore stations are less prominent (as also demonstrated 
by the model performance metrics given in Table  4). Interestingly, the 
offshore MAE values appear to be very close to the 𝑏 values of the FIG 
fit shown by Fig.  4. This observation provides a strong indication that 
the source leading to the departure of 𝑏 from zero (may be physical or 
limited measuring capabilities) is in fact the same source that gives rise 
to these less favourable MAE values offshore.

In summary, based on the verification examples and despite of 
the model deviations which particularly arise during periods of low 
𝐻𝑓𝑖𝑔 values at the offshore stations, it can be said that the model 
is in good agreement with the available field observations (see also 
model agreement with observations of the characterized IG period and 
frequency distribution in the Supplementary document). The obtained 
model performance allows to expand the examination initiated in Sec-
tion 3 and to evaluate in a reliable and more conclusive manner the 
importance of the shoreward propagating FIG waves and to gain insight 
into the contribution of FIG  waves nearshore.
𝑅
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5. The importance of shoreward propagating FIG waves

The importance of the shoreward propagating FIG waves is studied 
here along the coasts of Belgium and the Netherlands at nearshore 
points aiming to represent offshore boundary conditions for nearshore 
process-based models. To this end, 19 points along the Belgium and 
the Netherlands coasts are considered over which the water depth is 
ranging from about 10 m to about 20 m, with an average of about 14 m 
(detailed specification of the water depths and coordinates of the points 
is given in Section 5 of the Supplementary document). The shoreward 
propagating FIG energy is evaluated at the considered nearshore points 
using the newly developed SWAN model. These points also include the 
nearshore stations OS11, BG2, REF, and SPY, where BIG energy data is 
available.

The analysis at the considered points distinguishes between three 
different energy contributions. These are the shoreward propagating 
energy of FIG𝐿 waves, 𝐸+

𝑓𝑖𝑔,𝐿 (defined for the present discussion as 
contributions arriving from the BE and NL coasts), the shoreward prop-
agating energy of FIG𝑅 waves, 𝐸+

𝑓𝑖𝑔,𝑅 (defined as contributions arriving 
from the coasts of UK, GER, DK and NOR) and the energy due to BIG 
waves, 𝐸𝑏𝑖𝑔 . An additional definition is the total shoreward propagating 
FIG energy, 𝐸+

𝑓𝑖𝑔 , defined as the sum of 𝐸+
𝑓𝑖𝑔,𝐿 and 𝐸+

𝑓𝑖𝑔,𝑅. Note that 
this distinction between local and remote FIG wave contributions is 
defined here to conveniently examine the sources of FIG generation. 
More strictly, 𝐸+

𝑓𝑖𝑔,𝐿 may be defined as the fraction of energy that can 
be determined exclusively by the sea-swell conditions at the nearshore 
point of interest. The source of this energy contribution is likely to 
be a narrow coastal zone surrounding the point of interest, which 
depends on the considered storm characteristics and the morphological 
characteristics at that point.

The predictions of 𝐸+
𝑓𝑖𝑔,𝐿 and 𝐸+

𝑓𝑖𝑔,𝑅 at each of the considered 
nearshore points are obtained through SWAN by activating only the 
local source lines (i.e., the lines specified along the BE and NL coasts) 
or only the remote source lines (i.e., the lines specified along the coasts 
of UK, GER, DK and NOR), respectively. After separately collecting 
local and remote energy contributions, the results are integrated in the 
frequency and direction spaces, where the integration in the direction 
space is performed with respect to the shore-normal direction at each 
point such that only shoreward propagating energy contributions are 
taken into account in the integration.

The results presented here are divided into storm dependent re-
sults (see Figs.  10–12) and results which present typical values under 
storm conditions (see Fig.  13). All of these results are based on mea-
sured and modelled data obtained for the storm periods SP22 and 
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Fig. 11. The ratio between the maximum energy 𝐸+
𝑠  of the different IG wave components (i.e., FIG𝐿, FIG𝑅 and BIG) and the maximum 𝐸+

𝑓𝑖𝑔 as a function of 
longitude for twelve different storms that occurred during SP23/24. The BIG wave values (shown in black dots) are provided from left to right by OS11, BG2, 
and SPY. The dashed black lines indicate a ratio of 0.1.
SP23/24. The storm dependent results of Fig.  10 compare the maxi-
mum significant-wave-height values (𝐻+

𝑖𝑔) occurred during the different 
storms of SP23/24. The results show that 𝐻+

𝑓𝑖𝑔 is higher than 𝐻𝑏𝑖𝑔 at 
the measurement locations for almost all of the storms of SP23/24. 
Additionally, the incident IG heights are higher over the eastern points, 
where 𝐻+

𝑓𝑖𝑔 reaches values of about 0.3 m in front of the coasts of the 
Dutch Wadden sea (at around Lon= 5◦). By examining the different 
free components, it is shown that the values of 𝐻+

𝑓𝑖𝑔,𝑅 are generally 
comparable to those of 𝐻𝑏𝑖𝑔 and typically lower than those of 𝐻+

𝑓𝑖𝑔,𝐿. 
However, there are storms leading to different conclusions, namely Oct 
15, Babet, Henk, Isha and Joscelyn, for which 𝐻+

𝑓𝑖𝑔,𝑅 is equivalent and 
may even be significantly higher than 𝐻+

𝑓𝑖𝑔,𝐿.
The importance of the shoreward propagating FIG energy is also 

expressed through Fig.  11, which presents the maximum values of the 
energy components 𝐸+

𝑓𝑖𝑔,𝐿, 𝐸+
𝑓𝑖𝑔,𝑅 and 𝐸𝑏𝑖𝑔 relative to the maximum 

value of 𝐸+
𝑓𝑖𝑔 occurred during the different storms of SP23/24. The 

results show that for most of the storms 𝐸𝑏𝑖𝑔 is smaller than about a 
half of 𝐸+

𝑓𝑖𝑔 at all the measurement stations, while for some storms this 
ratio can be higher at station SPY. Moreover it is shown that for most of 
the storms, 𝐸𝑏𝑖𝑔 at the western stations (OS11 and BG2) demonstrates 
only a negligible contribution (of about 0.1, see the dashed black line 
in Fig.  11) relative to the contribution of 𝐸+

𝑓𝑖𝑔 . Fig.  11 also shows that 
the contribution of 𝐸+

𝑓𝑖𝑔,𝐿 is often the dominant IG energy component 
nearshore. However, there are storms for which 𝐸+

𝑓𝑖𝑔,𝑅 dominates espe-
cially at the eastern points (see storms Babet, Ciarán, Elin, Gerrit, Henk 
and Isha) and storms for which 𝐸+

𝑓𝑖𝑔,𝐿 and 𝐸𝑏𝑖𝑔 show significantly lower 
values comparing to 𝐸+

𝑓𝑖𝑔,𝑅 (see storms Babet and Henk). The example 
of storm Babet is particularly noteworthy because of its unique storm 
conditions that led to significant 𝐻+

𝑖𝑔 values along the BE and NL coasts 
(see Fig.  10) that are almost entirely explained by the contribution of 
𝐸+
𝑓𝑖𝑔,𝑅. This example clearly emphasizes that generally the incoming 

FIG wave conditions nearshore at a particular coast in the North Sea 
cannot be determined exclusively by the local sea-swell conditions, but 
require a broader domain that depends on the location of the coast and 
the track of the storm.

The dependence of the nearshore IG conditions on the storm is 
examined in further detail through Fig.  12. This figure show similar 
results to those of Fig.  11, however here, the contributions of remote 
sources are presented separately. The presented results are the energy 
ratios of three storms occurred during SP22 (see the upper panels 
of Fig.  12) and the energy ratios of three storms occurred during 
SP23/24 (see the lower panels of Fig.  12). These storms are the ones 
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for which the spatial distribution of the horizontal wind field at the 
storm peaks is plotted in Fig.  7. Examination of both Figs.  7 and 12 
clarifies the relation between the coastal regions to which the wind 
is blowing at the storm peak and the degree of importance of the 
various IG energy sources (as also observed by Rijnsdorp et al., 2021). 
These results show how storms that are characterized by a significant 
westerly wind component (e.g., Corrie (a) and Pia) involve relatively 
important FIG energy contributions originating from GER, DK and NOR. 
Whereas, storms that are characterized by a significant northerly wind 
component (e.g., Jan 20, Corrie (b) and Nov 24) leading to significant 
local FIG and BIG energy contributions. At the peak of storm Babet, 
however, an easterly wind component dominated and in addition the 
magnitude of the wind velocity along the BE and most of NL coasts 
was relatively weak (see Fig.  7). These conditions led to the fact that 
the nearshore IG wave conditions along the coasts of BE and NL were 
dominated by energy originating from the coasts of UK, while local IG 
energy (i.e., 𝐸+

𝑓𝑖𝑔,𝐿 and 𝐸𝑏𝑖𝑔) was negligible. These results support the 
explanation assumed in Section 3 that the high energy ratio between 
𝐸𝑓𝑖𝑔 and 𝐸𝑏𝑖𝑔 observed at the nearshore measuring stations during 
Storm Babet (see Fig.  6) is due to FIG energy originating from the coasts 
of UK.

A more general perspective on the importance of shoreward prop-
agating FIG waves along the BE and NL coasts is shown by the results 
of Fig.  13. These results aim to describe the importance of shoreward 
propagating FIG waves under general storm conditions without dis-
tinguishing between different storms. To this end, the typical relative 
energy contributions of BIG and FIG waves are examined as functions of 
the longitudinal position and the sea-swell wave height (i.e., 𝐻𝑠𝑠). The 
typical energy ratios depicted in Fig.  13 are found based on the different 
energy values (i.e., 𝐸+

𝑓𝑖𝑔,𝐿, 𝐸+
𝑓𝑖𝑔,𝑅 and 𝐸𝑏𝑖𝑔) obtained simultaneously 

under storm conditions, i.e. at times when 𝐻𝑓𝑖𝑔 > 0.1 m during SP22 
and SP23/24. The upper panel of Fig.  13 shows that the typical relative 
contribution (defined through the median) of 𝐸+

𝑓𝑖𝑔,𝐿 is higher than 
that of 𝐸+

𝑓𝑖𝑔,𝑅 and 𝐸𝑏𝑖𝑔 . In addition, it also suggests that the typical 
contribution of 𝐸𝑏𝑖𝑔 can vary dramatically in space, from values of 
about 5−10% of 𝐸+

𝑓𝑖𝑔 at the western stations (i.e., OS11 and BG2) to 
about 30−50% of 𝐸+

𝑓𝑖𝑔 at the eastern stations (i.e., REF and SPY). Finally, 
note that this panel points to an artifact of the distinction defined 
here between remote and local FIG energy contributions. This artifact 
is explained based on the two easternmost nearshore points. These 
points are subject to similar depth and sea-swell conditions, yet exhibit 
significantly different energy ratios. The apparent decrease in 𝐸+
𝑓𝑖𝑔,𝐿
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Fig. 12. The ratio between the maximum energy 𝐸+
𝑠  of the different IG wave components (i.e., FIG𝐿, FIG𝑈𝐾 , FIG𝐺𝐸𝑅+𝐷𝐾 , FIG𝑁𝑂𝑅 and BIG) and the maximum 

𝐸+
𝑓𝑖𝑔 as a function of longitude for three storms occurred during SP22 (upper panels) and three storms occurred during SP23/24 (lower panels). Where, FIG𝑈𝐾 , 

FIG𝐺𝐸𝑅+𝐷𝐾 and FIG𝑁𝑂𝑅 waves are FIG waves originating from UK coasts, the coasts of GER and DK and the coasts of NOR respectively. In the upper panels, the 
BIG wave values (shown in black dots) are provided from left to right by OS11, BG2, REF and SPY. In the lower panels, the BIG wave values are provided from 
left to right by OS11, BG2, and SPY.
Fig. 13. The spatial dependent median (upper panel) and 𝐻𝑠𝑠 dependent box plots (lower panels) of different energy ratios under storm conditions, i.e. at times 
when 𝐻𝑓𝑖𝑔 > 0.1 m. In the upper panel, the BIG wave values (shown in black dots) are provided from left to right by OS11, BG2, REF and SPY.
and increase in 𝐸+
𝑓𝑖𝑔,𝑅 at the easternmost point may be attributed to the 

absence of local eastern energy sources, as this point lies at the edge of 
the NL source line. This also suggests that in this region, the typical 
alongshore extent responsible for most of the locally generated FIG 
energy is less than twice the distance between these two easternmost 
points, i.e., less than about 1◦ (approximately 66 km at this latitude).

The lower panels provide additional details on the typical ratio 
between 𝐸𝑏𝑖𝑔 and 𝐸+

𝑓𝑖𝑔 at the locations of the measurement stations. 
Specifically, it is shown how this ratio is distributed (through the use 
of box plots) for different ranges of 𝐻𝑠𝑠. In general, it is shown that 
the typical relative contribution of 𝐸𝑏𝑖𝑔 tends to be higher for higher 
𝐻𝑠𝑠 values. Furthermore, similar to the observation made for the upper 
panel, also the lower panels suggest that the typical contributions of 
𝐸𝑏𝑖𝑔 at the western points are significantly lower than those at the 
eastern points. This spatial dependence also holds for the range of the 
highest 𝐻𝑠𝑠 values. Relative to 𝐸+

𝑓𝑖𝑔 , the contribution of 𝐸𝑏𝑖𝑔 for these 
highest 𝐻𝑠𝑠 values is mainly populated in the percentage range 5−20%
for OS11 and BG2, 130−162% for REF, and 50−102% for SPY. These 
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results provide some insight into the FIG energy values to be considered 
nearshore along the BE and NL coasts in terms of energy ratio with 𝐸𝑏𝑖𝑔
(where the latter can be estimated based on the local sea-swell wave 
conditions) and emphasize the importance of shoreward propagating 
FIG energy especially for nearshore western points.

In summary, it is observed that the importance of 𝐸+
𝑓𝑖𝑔 is strongly 

spatially dependent. Relative to 𝐸𝑏𝑖𝑔 , the contribution of 𝐸+
𝑓𝑖𝑔 signifi-

cantly dominates at OS11 and BG2 and often dominates at REF and 
SPY as well. In addition, 𝐸+

𝑓𝑖𝑔 and its components (i.e., 𝐸+
𝑓𝑖𝑔,𝐿 and 

𝐸+
𝑓𝑖𝑔,𝑅) are observed to depend on the type of storm. Where, 𝐸+

𝑓𝑖𝑔 is 
mostly dominated by 𝐸+

𝑓𝑖𝑔,𝐿, especially for storms characterized by a 
significant northerly wind component. However, storm cases for which 
𝐸+
𝑓𝑖𝑔 is dominated by 𝐸+

𝑓𝑖𝑔,𝑅 are also presented here, especially over the 
western points and for storms characterized by a significant westerly or 
easterly wind component. These cases emphasize the need to account 
for remote FIG energy contributions to properly define the IG wave 
conditions nearshore along the BE and NL coasts. Finally, based on the 
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results and observations gathered here, it is expected that the neglect of 
FIG energy contributions, as implemented by current design practice, 
can potently lead to underestimation of the coastal impacts associated 
with IG waves.

6. Discussion

6.1. Nearshore FIG conditions for coastal safety assessment

The nearshore design conditions of IG waves are required for coastal 
safety assessments. Through the processed-based approach, these de-
sign conditions are used to force small-scale models (e.g., XBeach,
Roelvink et al., 2009 and SWASH, Zijlema et al., 2011) which can 
accurately estimate flood risk parameters such as wave runup and 
overtopping. Based on the design conditions of the sea-swell waves, 
the nearshore BIG energy is determined directly through second-order 
theory (Hasselmann, 1962). However, as demonstrated in Section 5, 
the nearshore FIG energy contribution along the North Sea coasts is not 
easily evaluated, because it cannot be determined exclusively by local 
sea-swell conditions and because of its strong dependence on the char-
acteristics of the storm considered. This suggests that the design FIG 
conditions may be obtained under certain storm characteristics, which 
are not necessarily considered for the determination of the design sea-
swell conditions. To demonstrate this suggestion, consider for example 
the wave conditions obtained at the nearshore station SPY during the 
two significant storms Corrie (b) and Nov 24. Interestingly, both of 
these storms led to similar sea-swell conditions (with 𝐻𝑠𝑠 ≈ 5 m and 
𝑇𝑚−10 ≈ 10 s), but resulted in different FIG responses. Specifically, the 
maximum 𝐻𝑓𝑖𝑔 obtained during Nov 24 was almost 10 cm higher than 
the maximum 𝐻𝑓𝑖𝑔 obtained during Corrie (b) (see 𝐻𝑓𝑖𝑔 observations in 
Figs.  8–9). This difference may be explained by the alongshore pattern 
of the wind fields at the storm peak, as described in Fig.  7. The figure 
shows that the coastal area subject to strong winds around SPY was 
much larger at the peak of storm Nov 24 than at the peak of storm 
Corrie (b). Therefore, besides the local FIG response, which might 
be similar based on the sea-swell conditions, stronger contributions 
from, e.g., the Belgian coasts or the eastern Dutch coasts were likely 
to occur during Nov 24 and led to the higher 𝐻𝑓𝑖𝑔 result. Therefore, 
the nearshore FIG conditions is not only dependent on the local wind 
speeds and the corresponding local sea-swell conditions, but also on the 
alongshore pattern of the wind fields associated with the considered 
storm.

Based on the results of Section 5, another storm factor which may 
influence the nearshore FIG conditions is the storm track. Investigation 
of this factor, for a particular nearshore point in the North Sea, should 
consider long-term historical data of storm evolution and possible storm 
behaviour changes in the North Sea (e.g., De Winter et al., 2013) to 
determine possible storm track scenarios and the storm path leading to 
the most hazardous combination of sea-swell and IG wave conditions. 
While this study is confined to specific storm periods, it is plausible 
that certain storm scenarios (although their probability is unknown) 
could lead to even more intense FIG conditions than those observed. 
For example, the period between the peak of storms Corrie (a) and 
Corrie (b), which lasted more than a day, could have been shorter, 
such that the FIG waves radiated from DK and GER due to Corrie 
(a) would coincide with the locally generated FIG due to Corrie (b) 
along the BE and NL coasts. Another intense scenario could have 
occurred if storm Babet had turned southwards instead of northwards 
(the northwards propagation is shown by ERA5 hindcasts, see Hersbach 
et al., 2023) at such a pace that it would have led to interference of 
FIG waves radiated from UK and FIG waves generated locally along 
the BE and NL coasts. These descriptive scenarios aim to highlight the 
potential uncertainty inherent in FIG conditions during storms and to 
emphasize the fact that in addition to wind speeds and alongshore wind 
pattern, the design FIG conditions should also consider the storm track. 
Ultimately, given a design storm for a certain coastal location in the 
North Sea, the corresponding FIG conditions can be estimated based 
on the unstructured SWAN model developed in this study.
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6.2. Estimated mapping of FIG and BIG energy ratios between nearshore 
and breaking points

Section 5 examined the importance of shoreward propagating FIG 
energy at the offshore boundaries along the BE and NL coasts. However, 
the fact that throughout the shoaling process the BIG energy density 
increases faster than the FIG energy density, raises doubt concerning 
the actual relative contribution of the latter at the shoreline. This is 
tested here under the assumption that beyond the sea-swell breakpoint, 
the energy densities considered as bound or free at the nearshore points 
would amplified equivalently up to the shoreline (as demonstrated, 
e.g., by Ruessink et al., 2013). Thus, the considered mapping is between 
the energy ratios of BIG and FIG waves at the nearshore point and the 
ratios at the sea-swell breakpoint. Mathematically, this mapping can be 
written using the following parameterization: 
( 𝐸𝑏𝑖𝑔

𝐸+
𝑓𝑖𝑔

)

ℎ=ℎ𝑏𝑟
=
( 𝐸𝑏𝑖𝑔

𝐸+
𝑓𝑖𝑔

)

ℎ=ℎ𝑛𝑟

(

ℎ𝑛𝑟
ℎ𝑏𝑟

)𝛼𝑏𝑖𝑔−𝛼𝑓𝑖𝑔
(17)

where ℎ𝑛𝑟 and ℎ𝑏𝑟 are the water depths at the nearshore point (say 
at one of the 19 points analysed in Section 5) and at the breakpoint, 
respectively. Additionally, 𝛼𝑓𝑖𝑔 and 𝛼𝑏𝑖𝑔 represent the amplification 
factors of the BIG and shoreward propagating FIG energy densities.

Based on the mapping defined in (17), the upper panels of Fig.  14 
estimate the energy ratio 𝐸𝑏𝑖𝑔∕𝐸+

𝑓𝑖𝑔 at the shorelines in front of OS11, 
BG2, REF and SPY for different combinations of 𝛼𝑓𝑖𝑔 and 𝛼𝑏𝑖𝑔 . The 
value range for 𝛼𝑓𝑖𝑔 is determined to be between the value of Green’s 
Law (i.e., 𝛼𝑓𝑖𝑔 = 0.5) and the value that corresponds to refractively 
trapped FIG waves (i.e., 𝛼𝑓𝑖𝑔 = 1, following Herbers et al., 1995b) under 
the assumption that 𝐸+

𝑓𝑖𝑔 consists of the contribution of both locally 
trapped and remotely generated FIG waves. The values of 𝛼𝑏𝑖𝑔 can range 
rather significantly according to the normalized bed slope parameter 
(e.g., Battjes et al., 2004; Van Dongeren et al., 2007; Zhang et al., 2020) 
and other factors such as the directional spreading (e.g., Herbers and 
Burton, 1997). Here, the minimum value for 𝛼𝑏𝑖𝑔 is chosen so that it is 
not lower than 𝛼𝑓𝑖𝑔 (i.e., 𝛼𝑏𝑖𝑔 = 1) and not higher than the equilibrium 
solution of Longuet-Higgins and Stewart (1962) (i.e., 𝛼𝑏𝑖𝑔 = 5). Fur-
thermore, the mapping of (17) also requires to evaluate the nearshore 
ratio (𝐸𝑏𝑖𝑔∕𝐸+

𝑓𝑖𝑔)ℎ=ℎ𝑛𝑟 , the breakpoint depth ℎ𝑏𝑟 and the nearshore depth 
ℎ𝑛𝑟. The latter is detailed for the considered stations in Table  1 and the 
former is assumed based on the considered incoming 𝐻𝑠𝑠 range and 
according to the median values detailed by the lower panels of Fig.  13. 
Additionally, the breakpoint depth is determined through the relation 
ℎ𝑏𝑟 = 𝐻𝑠𝑠∕𝛾𝑏𝑟 and under the assumption that 𝛾𝑏𝑟 ≈ 0.5. The results of the 
upper panels are obtained assuming incoming sea-swell height range 
of 𝐻𝑠𝑠 ∈ [3, 4] m, which is the highest range observed at OS11 and 
BG2. According to the midpoints of the panels (see the black dots at 
the centre of the panels), which show the results for 𝛼𝑓𝑖𝑔 = 0.75 and 
𝛼𝑏𝑖𝑔 = 3, the shoreline energy ratios are about 2−4 at REF and SPY 
and about 0.2−0.25 at OS11 and BG2. In terms of wave heights, these 
results suggest an increase of 10−20% and 225−250% of the incoming IG 
wave heights due to the contribution of the incoming FIG energy at the 
eastern stations (i.e. REF and SPY) and western stations (i.e. OS11 and 
BG2), respectively. Further insights are gained through the results of 
the lower panel. Specifically, this panel illustrates how the shoreline 
energy ratio depends on the incoming sea-swell wave conditions by 
showing the cross-shore evolution of the energy ratio in front of REF 
for two different ranges of 𝐻𝑠𝑠. This dependence is characterized by 
two opposing effects. On one hand, as 𝐻𝑠𝑠 increases, the breakpoint 
shifts further offshore. This results in a narrower shoaling region, where 
the energy density of the BIG waves typically amplifies faster than 
the energy density of the FIG waves. As demonstrated by the lower 
panel, this effect increases the dominance of incoming FIG energy at 
the breakpoint and at the shoreline. On the other hand, values of 
(𝐸𝑏𝑖𝑔∕𝐸+

𝑓𝑖𝑔)ℎ=ℎ𝑛𝑟  also tend to increase with higher 𝐻𝑠𝑠 (see also the 
lower panels of Fig.  13). This trend enhances the relative contribution 
of BIG energy at the breakpoint and shoreline.
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Fig. 14. Upper panels: Estimated energy ratios (𝐸𝑏𝑖𝑔∕𝐸+
𝑓𝑖𝑔) at the shorelines in front of OS11, BG2, REF and SPY for different combinations of 𝛼𝑓𝑖𝑔 and 𝛼𝑏𝑖𝑔 , 

assuming incoming sea-swell wave heights of 𝐻𝑠𝑠 ∈ [3, 4] m and corresponding breakpoint depth of ℎ𝑏𝑟 = 8 m. Lower panel: Cross-shore evolution of the energy 
ratio from the nearshore station REF to the shoreline assuming 𝛼𝑓𝑖𝑔 = 0.75 and the range 𝛼𝑏𝑖𝑔 ∈ [2, 4] for two different incoming sea-swell conditions and 
corresponding breakpoints, i.e. 𝐻𝑠𝑠 ∈ [4, 5] m with assumed ℎ𝑏𝑟1 = 10 m (gray fill) and 𝐻𝑠𝑠 ∈ [3, 4] m with assumed ℎ𝑏𝑟2 = 8 m (red fill). Additionally the 
cross-shore bottom profile is obtained from Rutten et al. (2024) and illustrated by the yellow fill. Finally, the three vertical dashed lines indicate from left to 
right the cross-shore location of station REF, ℎ𝑏𝑟1 and ℎ𝑏𝑟2.
In summary, this analysis suggests that the important contribution 
of FIG energy may extend further shoreward, beyond the offshore 
boundaries, potentially reaching all the way to the shoreline. Specif-
ically, it is suggested that along the Dutch coasts, the shoreward 
propagating FIG energy at the shoreline could be comparable to, or 
even exceed, the contribution due to BIG energy, particularly under 
conditions of high sea-swell waves for which the breakpoint shifts 
significantly offshore and along the western Dutch coasts (i.e., the 
coasts of Zeeland). Finally, it is important to note that the analysis 
presented here relies on simplified assumptions and arguments, which 
introduce uncertainty into its quantitative estimates. The highlighted 
potential importance of FIG energy along shorelines emphasizes the 
need for a more accurate investigation of cross-shore IG wave evolution 
(e.g., using detailed modelling tools such as XBeach, Roelvink et al., 
2009 or SWASH, Zijlema et al., 2011).

7. Conclusions

This study develops an unstructured SWAN model for the prediction 
of FIG waves in the North Sea. The model is verified based on a new 
collection of offshore and nearshore observations of IG waves over the 
southern North Sea. Good agreement is found between the modelled 
and observed results for two recent storm periods (during the winter of 
2022 and the fall/winter of 2023/24). The model shows relatively low 
mean absolute error (MAE) nearshore and somewhat higher MAE val-
ues offshore. Offshore MAE values are governed by discrepancies that 
occur during calm sea-swell conditions. This is consistent with radar-
based observations, demonstrating residual FIG heights for very low 
sea-swell heights, which could not be explained by the model and may 
related to measurement error or unidentified physical phenomenon. Ac-
cordingly and also due to the fact that the model is strongly dependent 
on calibration data, significant model improvement may be achieved by 
collecting and validating existing measurement data and by implement-
ing advanced measurement capabilities (e.g., Rutten et al., 2024; Nose 
et al., 2024) and new data processing methods (e.g., Matsuba et al., 
2022).

Based on the modelled and measured observations, the study also 
demonstrates the importance of shoreward propagating FIG energy at 
nearshore locations along the coasts of Belgium and the Netherlands. 
The sources and intensity of shoreward propagating FIG energy are 
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found to be strongly dependent on the storm characteristics (i.e., along-
shore wind pattern and the trajectory of the storm). Additionally, the 
significant FIG energy obtained from remote sources during certain 
storm scenarios (e.g., storm Babet) suggests the inherent potential for 
amplified FIG conditions nearshore as a result of possible interference 
between locally and remotely generated FIG waves. These insights lead 
to the conclusion that in addition to wind speeds, the definition for 
the design conditions for FIG waves nearshore must also account for 
the alongshore wind pattern and storm track. Ultimately, comparison 
of the energy ratios of FIG and BIG waves as obtained at nearshore 
locations and as evaluated at the shoreline, indicates the importance 
of considering the FIG as an integral part of coastal safety assessments 
along the coasts of the North Sea.
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Table 4
Model performance metrics at the different stations during SP22 and SP23/24 
(the metrics for the two storm periods are separated by ‘/’).
 Station General conditions Storm conditions (𝐻𝑓𝑖𝑔 > 0.1 m)
 MAE [cm] CL [%] MP [%] MAE [cm] CL [%] MP [%] 
 OS11 1.55/1.16 90/89 75/77 5.01/3.35 91/91 73/80  
 BG2 1.17/1.20 86/87 70/72 2.78/2.27 87/92 82/84  
 EUR –/2.06 –/99 –/59 –/2.05 –/93 –/83  
 REF 1.70/– 89/– 49/– 2.87/– 82/– 80/–  
 SPY 1.26/1.45 93/93 75/73 2.29/2.45 86/85 85/83  
 K13 3.24/3.94 98/100 59/50 3.71/2.96 94/91 70/75  
 J6 –/3.82 –/99 –/51 –/3.41 –/92 –/71  
 D15 –/2.29 –/93 –/64 –/4.85 –/92 –/65  
 F3 –/2.69 –/95 –/62 –/3.49 –/88 –/73  
 A12 1.94/– 91/– 74/– 3.55/– 87/– 74/–  

Appendix A. Model performance

The MAE is largely influenced by errors during calm conditions, 
where 𝐻𝑓𝑖𝑔 is relatively low and errors are expected to be small. This 
raises questions about how representative the MAE is for all error 
values. The dominance of low errors during calm periods also limits 
the MAE to provide assessment of model performance. This difficulty 
applies to both calm and storm conditions. Here, these concerns are 
addressed by introducing additional metrics to evaluate the represen-
tativeness of the MAE and the predictive capability of the model under 
both general and storm conditions.

To gain insight into the ability of MAE to represent the errors made 
by the model, the following confidence level (CL) measure is define: 

𝐶𝐿 = Number of errors smaller than 2 ×MAE
Total number of errors × 100 (18)

In addition, the capability of the model to predict the observed 𝐻𝑓𝑖𝑔
values is assessed by examining the MAE relative to the averaged value 
of the observed 𝐻𝑓𝑖𝑔 , defined as ⟨𝐻𝑜𝑏𝑠

𝑓𝑖𝑔⟩. Accordingly, the following 
model performance (MP) measure is introduced: 

𝑀𝑃 =
(

1 − MAE
⟨𝐻𝑜𝑏𝑠

𝑓𝑖𝑔⟩

)

× 100 (19)

Finally, note that the MP measure is closely related to the model skill 
parameter (Gallagher et al., 1998), except that the former is based on 
the mean absolute values.

Table  4 presents a summary of the metrics obtained at the different 
stations during SP22, SP23/24, and under general and storm condi-
tions. General conditions refer to all times, whereas storm conditions 
refer to times when the observed 𝐻𝑓𝑖𝑔 exceeds 0.1 m.

The CL values suggest that the model error mostly remains close to 
the MAE, indicating consistent model prediction across all stations. This 
consistency is also evident by comparing the MP values for the general 
and storm conditions. When calm conditions are significant (refer to 
the metrics for general conditions), the MP values at stations showing 
consistent underprediction (e.g., K13, J6) or overprediction (e.g., REF) 
(see Figs.  8–9) indicate relatively poor model performance. However, 
this performance improves significantly under storm conditions (e.g, 
MP at REF increases by 31% during SP22, and MP at K13 increases by 
25% during SP23/24), for which the calm conditions are excluded.

Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.ocemod.2025.102619.

Data availability

Links to download or request the data used in this study are pro-
vided in a separate attached file.
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Mean sea level bathymetry (Reference data)
Measurement data (Reference data)
Data collected at station REF (Reference data)
Sea-swell data (Reference data)
ERA5 hourly wind data (Reference data)
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