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 A B S T R A C T

Physical model experiments are conducted in a wave basin to investigate the influence of directional spreading 
on wave overtopping in shallow water. Offshore wave steepness, wave height, water depth, and directional 
spreading are systematically varied to assess their impact on the non-dimensional mean overtopping discharge 
(𝑞∗). Additional tests with oblique wave attack are performed to examine the role of the wave direction.

To better understand the underlying hydrodynamics, the dependence of low-frequency wave energy on 
directional spreading is analyzed. Results confirm that low-frequency wave energy strongly depends on 
directional spreading, consistent with previous studies. An empirical formulation is introduced to predict the 
ratio of low-frequency wave height to total incident wave height using the relative water depth, the offshore 
wave steepness, and offshore directional spreading, achieving an 𝑅2 = 0.91. Excluding directional spreading 
from the formulation decreases the 𝑅2 to 0.38, highlighting its importance.

Variations in low-frequency wave energy also affect 𝑞∗, as low-frequency waves temporarily raise the water 
level, leading to larger overtopping volumes and thus higher 𝑞∗. Consequently, directional spreading influences 
𝑞∗ primarily through its effect on low-frequency energy, particularly in shallow water.

To evaluate how existing prediction tools perform under these conditions, several formulations for 𝑞∗ are 
assessed. Their performance ranges from poor to reasonable, with the best results using the formulation in De 
Ridder et al. (2024) that were based on 2DV tests in shallow water rather than 3D tests including directional 
spreading. The tests with oblique waves show that the existing formulation captures the trends found in shallow 
water. Therefore, the existing formulation for the influence of oblique wave attack is also recommended for 
shallow water.

To incorporate directional spreading effects into overtopping prediction, the relative crest height was 
adjusted by including the contribution of the low-frequency wave height as done in De Ridder et al. (2024). 
Due to reduced correlation between the short-wave steepness and the low-frequency height in this new dataset, 
coefficients could be estimated more reliably. The revised equations are validated against (long-crested) wave 
flume and new datasets with both short- and long-crested conditions and oblique attack. The expression 
including the low-frequency wave height results in the highest accuracy (𝑅2 = 0.87, Equation (32)) and is 
recommended, while a relatively simple expression with only the relative crest and short-wave steepness also 
performs well (𝑅2 = 0.83, Equation (28)).

1. Introduction

Coastal structures have a critical role in coastal regions to prevent 
the hinterland from flooding or protect ports and recreational areas. 
Therefore, it is important to efficiently design these structures to with-
stand extreme wave conditions, especially in the context of climate 

∗ Corresponding author at: Deltares, Department of Coastal Structures and Waves, The Netherlands.
E-mail address: menno.deridder@deltares.nl (M.P. de Ridder).

change. One of the key design parameters to determine the freeboard 
(𝑅𝑐) is the mean overtopping discharge (𝑞).

To address growing uncertainty in wave conditions and sea level 
rise, climate-adaptive strategies are gaining attention (e.g. Van Gent, 
2019; Van Gent and Teng, 2023). Rather than incorporating all uncer-
tainties into the initial design, these strategies allow for adjustments 
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of the structure when the conditions require it. One of such measures 
is a shallow foreshore by sand nourishment in front of the structure 
to reduce the wave loading on the structure. Thus, it is necessary 
to understand how the processes at a shallow foreshore affect wave 
overtopping.

Previous studies have examined the relationship between wave 
overtopping, wave characteristics, and structural properties (e.g. struc-
ture slope and roughness). Based on the pioneering work of Owen 
(1980) and Battjes (1972), a formula was derived to estimate the 
non-dimensional wave overtopping discharge 𝑞∗, which is the basis 
of the current guidelines (e.g. TAW, 2002; EurOtop, 2018; Van Gent 
et al., 2025). Several studies have developed formulations for shal-
low water conditions (e.g. Van Gent, 1999, 2001; Altomare et al., 
2016; Lashley et al., 2021; De Ridder et al., 2024). Recently, physical 
model experiments for wave overtopping with a shallow foreshore 
were conducted in a wave flume (De Ridder et al., 2024, 2025), 
where an empirical formula was proposed based on only near-shore 
hydrodynamic parameters using the relative crest height (𝑅∗

𝑐= 𝑅𝑐∕𝐻𝑚0
with 𝑅𝑐 the freeboard and 𝐻𝑚0 the wave height), short-wave steep-
ness (𝑠𝑚−1,0,𝐻𝐹 = 2𝜋𝐻𝑚0,𝐻𝐹 ∕(𝑔𝑇 2

𝑚−1,0,𝐻𝐹 ) with 𝐻𝑚0,𝐻𝐹  the short-wave 
height and 𝑇𝑚−1,0,𝐻𝐹 , the short-wave spectral period), and optionally 
the low-frequency wave height (𝐻𝑚0,𝐿𝐹 ) using a frequency split of 
𝑓𝑝∕1.5. Moreover, it has been shown that these low-frequency waves 
are an important aspect of the wave overtopping in shallow water (e.g. 
Lashley et al., 2022; De Ridder et al., 2024). Although, it is known 
that the low-frequency waves are largely dependent on the directional 
spreading (e.g. Herbers and Burton, 1997; Klopman and Dingemans, 
2001), this effect could not be verified using flume experiments, leading 
to a formula mainly valid for long-crested wave conditions. Moreover, 
the 𝑠𝑚−1,0,𝐻𝐹  and 𝐻𝑚0,𝐿𝐹  are correlated in the flume experiments as 
under low-steepness conditions, more energy is transferred to lower 
frequencies (e.g. De Ridder et al., 2024, 2025). This correlation makes 
it difficult to isolate the effect of 𝐻𝑚0,𝐿𝐹  on 𝑞∗ based on solely flume 
experiments.

Research on effects of directional spreading (𝜎𝜃) on nearshore wave 
parameters and especially 𝑞∗ remains limited. Altomare et al. (2020) 
investigated the influence of a shallow foreshore (1:35 slope) with 
variations in 𝜎𝜃 on 𝑞∗, providing a reduction factor for 𝑞∗. However, 
their study did not describe the associated hydrodynamic changes, such 
as the evolution of low-frequency waves or directional spreading. Field 
measurements by Guza and Feddersen (2012) showed that directional 
spreading significantly affects runup through low-frequency oscilla-
tions. Numerical studies (e.g. Suzuki et al., 2014) highlighted the role 
of second-order wave generation and bottom friction, while physical 
experiments by Nørgaard et al. (2013) found that the direction of 
overtopping events align with the mean offshore wave direction. Nev-
ertheless, quantitative insight into the effects of directional spreading 
on nearshore wave variables (e.g., 𝐻𝑚0,𝐿𝐹 ) and 𝑞∗ remains limited.

This study verifies the experimental findings of De Ridder et al. 
(2024), 2DV thus without directional spreading, for various values of 
directional spreading using 3D physical model experiments. By system-
atically varying wave conditions, the influence of directional spreading 
on both nearshore wave variables and 𝑞∗ is assessed. Additional tests 
with oblique waves validate overtopping formulations under shallow 
water conditions.

The paper is organized as follows: Section 2 provides the back-
ground information, Section 3 describes the experimental setup, Sec-
tions 4 and 5 present the hydrodynamic and overtopping results, re-
spectively, followed by the derivation of the new formulation in Sec-
tion 6. Section 7 contains the discussion and conclusions and recom-
mendations are given in Section 8.

2. Background

2.1. Directional spreading

When wind generates waves, the energy is not concentrated in a sin-
gle direction but distributed across a range of frequencies (𝑓 ) and wave 

directions (𝜃), forming a directional wave field captured by a direc-
tional wave spectrum (𝐸(𝑓, 𝜃)). The first measurements of directional 
wave spectra, obtained using pitch-and-roll buoys, revealed that direc-
tional spreading decreases as wind fetch increases (Longuet-Higgins, 
1963; Mitsuyasu et al., 1975; Hasselmann et al., 1980). Subsequently, 
various techniques were developed to estimate directional spectra more 
accurately (e.g., Isobe and Kondo, 1985; Kuik et al., 1988; Hashimoto 
et al., 1995). It was also shown that swell-dominated conditions typ-
ically exhibit narrower directional spreading because these waves are 
more organized and propagate over long distances (e.g., Forristall and 
Ewans, 1998).

Several directional spreading functions have been proposed. A 
widely used example is the cosine-shaped function introduced by
Longuet-Higgins (1963), 

𝐷(𝜃) = 2𝑠−1
𝜋

𝛤 (𝑠 + 1)2

𝛤 (𝑠 + 1)
cos

(

𝜃 − 𝜃𝑚
2

)2𝑠
(1)

where 𝐷(𝜃) is the directional distribution, 𝛤 (...) is the gamma function, 
𝑠 represents the spreading (larger 𝑠 indicates narrower spreading), 𝜃 the 
direction and 𝜃𝑚 the mean direction. The directional spreading (𝜎𝜃) is 
given by (Eq. 6.3.21 in Holthuijsen, 2007), 

𝜎2𝜃 = ∫

∞

−∞

(

2 sin ( 1
2
𝜃)
)2

𝐷(𝜃)𝑑𝜃 (2)

where 𝜃 is the direction and 𝐷(𝜃) the direction distribution. Given this 
distribution, 𝑠 and 𝜎𝜃 (in radians) are related by, 

𝜎𝜃 =
√

2
𝑠 + 1

(3)

Typical values for the directional spreading are 𝑠 = 6 for wind sea 
(𝜎𝜃 ≈ 30◦), 𝑠 = 60 (𝜎𝜃 ≈ 10◦) for swell conditions. In this study, the 
wave fields generated are based on Eq.  (1).

2.2. Wave overtopping

Several studies have investigated the effect of wave parameters on 
the 𝑞. Based on the pioneering work of Saville (1955), Battjes (1972) 
and Goda et al. (1975), and the analytical expression for overflow of 
a weir (Kikkawa et al., 1968), Owen (1980) proposed an exponential 
function to describe the non-dimensional mean overtopping discharge,

𝑞∗ = 𝑎 exp
(

−𝑏𝑅
∗

𝛾𝑓

)

(4)

where 𝑞∗ is the non-dimensional mean overtopping discharge given by 
𝑞∕

√

𝑔𝐻3
𝑚0 where 𝐻𝑚0 is the wave height, 𝑅∗

𝑐  the non-dimensional crest 
level and 𝛾𝑓  a roughness factor.

This expression was extended by Van der Meer and Janssen (1994) 
with a maximum value of 𝑞, based on similarities between the runup 
height and the Iribarren number found by Battjes (1974). Later,
Van Gent (1999, 2001) proposed using 𝑇𝑚−1,0 as the characteristic 
wave period instead of the mean wave period, demonstrating that this 
parameter enables accurate predictions of wave runup and overtopping 
across various spectral shapes. These findings resulted in the wave 
overtopping formulation as given in the (TAW, 2002) manual, which 
is given by, 

𝑞
√

𝑔𝐻3
𝑚0

= 0.067𝜉𝑚−1,0 exp
(

−4.74
𝑅𝑐
𝐻𝑚0

1
𝛾𝑓 𝜉𝑚−1,0

)

(5)

with a maximum of 
𝑞

√

𝑔𝐻3
𝑚0

= 0.2 exp
(

−2.6
𝑅𝑐
𝐻𝑚0

1
𝛾𝑓

)

(6)

where 𝜉𝑚−1,0 is the Iribarren number given by tan (𝛼)
√

𝑠𝑚−1,0
 where the wave 

steepness is given by 𝑠𝑚−1,0 = 2𝜋𝐻𝑚0∕(𝑔𝑇 2
𝑚−1,0) and 𝛼 is the structure 

slope.
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Fig. 1. Overview of the basin showing the instrument locations and bathymetry in Panel B and a cross-section of the floor level at 𝑦 = 20 m in Panel A. The 
wave maker is positioned on the left (𝑥 = 0 m). Wave gauges are indicated in red, velocity instruments in cyan, and overtopping boxes are represented by gray 
squares (squares only show location but do not represent the size or rotation of the boxes). 𝑧 [m] denotes the floor level.

These expressions were mainly derived for relatively deep water. 
The TAW (2002) manual also provides an expression for shallow water 
based on Van Gent (1999) given by, 

𝑞
√

𝑔𝐻3
𝑚0

= 0.12 exp
(

−
𝑅𝑐

𝐻𝑚0𝛾𝑓 (0.33 + 0.022𝜉𝑚−1,0)

)

(7)

Since most rubble mound structures have a steep slope for deep 
water conditions, Eq.  (6) normative for such structures, is the main 
formulation in the EurOtop (2007) for rubble mound breakwaters. 
This formulation was modified in EurOtop (2018) adding power in the 
formulation leading to, 

𝑞
√

𝑔𝐻3
𝑚0

= 0.09 exp
(

−(1.5
𝑅𝑐

𝐻𝑚0𝛾𝑓,𝑚𝑜𝑑
)1.3

)

(8)

Next to the addition of the power in EurOtop (2018), the roughness 
coefficient was changed for very steep and/or very long waves with 

𝜉𝑚−1,0 > 5, 

𝛾𝑓,𝑚𝑜𝑑 = 𝛾𝑓 +
(𝜉𝑚−1,0 − 5)(1 − 𝛾𝑓 )

5
(9)

These formulas form the basis of the current guidelines for deep and 
shallow water for rubble mound structures.

For shallow water conditions, in addition to Eq.  (7), several alterna-
tive formulations have been proposed (Altomare et al., 2016; Lashley 
et al., 2021; De Ridder et al., 2024). Altomare et al. (2016) modified Eq. 
(7) by introducing an equivalent slope concept in the breaker param-
eter (see Appendix  A). Lashley et al. (2021) developed a formulation 
based on deep-water wave conditions and the foreshore slope. More 
recently, De Ridder et al. (2024) proposed a formulation relying solely 
on nearshore wave parameters, using 𝑅∗

𝑐  and incorporating 𝐻𝑚0,𝐿𝐹
to account for slowly varying water-level fluctuations (see Appendix 
A). Van Gent et al. (2025) derived an alternative formulation using the 
𝑠𝑚−1,0, 𝛼 and 𝑅∗

𝑐 .
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The influence of directional spreading on wave overtopping was 
investigated through physical model experiments by Altomare et al. 
(2020). Based on these experiments, Altomare et al. (2020) introduced 
an influence factor to account for 𝜎𝜃 in the modified Eq.  (7) (see 
Appendix  A for the expression), expressed as, 

𝛾𝜎 =

⎧

⎪

⎨

⎪

⎩

exp (−0.046𝜎𝜃,0) for ℎ
𝐻𝑚0,𝑑𝑒𝑒𝑝

< 0.3

exp (−0.014𝜎𝜃,0) for 0.3 < ℎ
𝐻𝑚0,𝑑𝑒𝑒𝑝

< 0.1
(10)

with 𝜎𝜃,0 being the offshore directional spreading in degrees, ℎ the local 
water depth at the toe and 𝐻𝑚0,𝑑𝑒𝑒𝑝 the spectral deep water wave height. 
A similar factor for the effect of directional spreading was expressed for 
𝑞 of Goda (2009) by Altomare et al. (2020). However, these formula-
tions do not explicitly account for the effects of low-frequency waves, 
which is the main focus of this study.

3. Wave basin tests

3.1. Model set-up

Physical model experiments are conducted in the Delta Basin of 
Deltares. The layout of the model is shown in Fig.  1. The concrete 
foreshore has a 1:50 slope up to a height of 0.5 m and is rotated 
by −10◦ relative to the wave maker. This rotation increases the wave 
direction at the toe for tests under oblique wave conditions and helps 
to reduce potential standing waves in the basin. Tests with and without 
a structure at the end of the foreshore are performed to obtain reliable 
incident waves.

At the lower part of the model, a vertical wall perpendicular to 
the depth contour is present (from 𝑥 = 0 m, 𝑦 = 5 m till 𝑥 ≈ 25 m, 
𝑦 = 0 m). For tests with normally incident waves, with and without 
directional spreading, this wall causes reflection, thereby reducing the 
shadow zone. At the upper end (𝑦 = 40 m), a gravel beach is located 
to absorb wave energy, which is particularly relevant for tests with 
oblique waves. Because this gravel beach is not rotated, a diffraction 
zone appears in the upper part during tests with normally incident 
waves. However, this effect is expected to have minimal influence 
on the overtopping boxes located in the center of the basin. The 
extent of the diffraction zone was assessed by comparing the results 
from multiple overtopping boxes (See Section 3.4.1). In addition, a 
comparison of the measured wave heights shows that the difference 
between WHM15 and WHM14 is small (mean deviation of 0.0006 m), 
while a larger difference is observed between WHM14 and WHM13 
(0.004 m) for conditions with 𝜃𝑚 = 0◦. These findings indicate that 
the gravel beach does not influence the conditions at WHM14 which is 
used for the analysis for tests with 𝜃𝑚 = 0◦. During the calibration tests 
(without the structure in place), an absorbing beach is also located at 
the rear-side of the basin (𝑥 ≈ 40 m) to absorb most of the wave energy.

Free-surface elevation is measured using wave gauges and GRSMs, 
with the latter also recording velocities. EMSs are employed specifi-
cally for velocity measurements. Both EMSs and GRSMs are primarily 
used to determine the directional wave spectrum, 𝐸(𝑓, 𝜃). The GRSM 
measures free-surface elevation and velocity at the same location, while 
EMSs, which measure only velocity, are positioned near a wave gauge 
(see Table  1). When determining the directional wave spectrum using 
velocities and free surface elevations, these small spatial differences 
between instruments are accounted for in the analysis. Velocities are 
measured in both cross-shore and alongshore directions with respect to 
the structure and depth contour (instruments are rotated by −10◦ with 
respect to the coordinate system).

On the foreshore, instruments are arranged in a regular grid to 
capture spatial variations in wave transformation along both cross-
shore and alongshore directions, matching the cross-shore positions 
used in De Ridder et al. (2024), making a direct comparison possible. In 
addition to these instruments, two arrays: Array 1 (offshore) and Array 
2 (nearshore), consisting of wave gauges and velocity instruments, are 

Table 1
This table shows the locations of the measurement instruments. Wave gauge 
positions represent tests without the structure.
 Instrument x-coordinate [m] y-coordinate [m] Combination 
 WHM01b 4.26 30.13  
 WHM02b 4.75 30.70  
 WHM03b 4.52 29.42  
 WHM04b 5.48 30.58  
 WHM05b 5.31 29.95  
 WHM06b 5.25 29.30  
 WHM07b 6.18 29.79  
 WHM08 10.91 33.93  
 WHM09 7.38 13.93  
 WHM10 20.76 32.19 EMS03  
 WHM11 18.99 22.19 EMS04  
 WHM12 17.23 12.19 EMS05  
 WHM13 32.08 30.19 EMS06  
 WHM14 30.32 20.19 EMS07  
 WHM15 28.56 10.19 EMS08  
 WHM16a 30.81 20.11  
 WHM17a 30.98 20.42 EMS09  
 WHM18a 30.85 19.75  
 WHM19a 31.05 20.07  
 WHM20a 31.25 20.37  
 WHM21a 31.14 19.70  
 WHM22a 31.38 20.01  
 WHM23a 32.54 19.80  
 GRSM01b 5.00 30.00  
 GRSM02 9.15 23.93  
 EMS03 20.72 31.99 WHM10  
 EMS04 18.96 21.99 WHM11  
 EMS05 17.20 11.99 WHM12  
 EMS06 32.05 30.00 WHM13  
 EMS07 30.28 20.00 WHM14  
 EMS08 28.52 10.00 WHM15  
 EMS09a 31.01 19.87 WHM17  
 Q1 28.6 5  
 Q2 29.84 10  
 Q3 30.28 13  
 Q4 30.7 15  
 Q5 31.6 20  
 Q6 32.48 25  
 Q7 33 30  
 Q8 34 35  
a During tests with the structure, instruments (Array 2) are shifted 5.04 m to the left 
along the x-axis.
b Indicates Array 1.

included to obtain the directional spectrum more reliable than a GRMS 
or EMS. The offshore array is located on the flat part of the basin, 
positioned relatively far from the wave maker but also relatively close 
to GRSM02. During the calibration tests, the nearshore array is located 
in the center of the basin at the end of the foreshore.

Waves are generated using 100 piston-type paddles, each 40 cm 
wide. Second-order wave generation is applied to minimize spurious 
wave components (Using theory of Van Leeuwen and Klopman, 1996), 
and the wave board is equipped with active reflection compensation to 
absorb reflected energy. The effect of second-order steering is shown in 
Appendix  B. The wave conditions are given by a JONSWAP spectrum 
combined with the directional distribution defined by Eq.  (1), with each 
test lasting for approximately 1000 waves.

Two structures with identical geometry but different crest levels are 
tested (0.38 m or 0.20 m above the bed level at the toe, see Fig.  2). The 
crest width is 0.5 m at the water layer thickness measurement section 
and 0.1 m elsewhere. The structure has a slope cot 𝛼 = 2, with a double-
layer rock armour of 𝐷𝑛50 = 23.9 mm (50 mm thick) and a core of 𝐷𝑛50
= 8.5 mm. The stones are glued together, without affecting the porosity, 
to prevent movement during the experiments.

Wave overtopping is measured using eight overtopping boxes, each 
equipped with two wave gauges and one pump. Several overtopping 
boxes are applied to obtain reliable results for both normal incident and 
oblique waves which require measurements at different locations. The 
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Fig. 2. Cross-section of the rubble mound breakwater(s). The red geometry indicates the cross-sections with the overtopping box, while the black geometry 
represents the section with the extended crest element used for water layer thickness measurements.

Fig. 3. Photos of the model setup. Panel A shows the crest with the water layer thickness instruments. Panel B shows long-crested wave conditions. Panel C 
shows the structure and the overtopping boxes. Panel D shows a short-crested wave field.

cumulative overtopping volume is measured by the wave gauges, and 
when a box is nearly full, water is pumped out. Pumping periods are 
disregarded in the analysis. The overtopping chute had a width of either 
0.5 m or 0.25 m, depending on the test. The water layer thickness is 
measured with six instruments placed along the crest at an equidistant 
spacing of 0.1 m: four in the cross-shore direction and two positioned 
laterally, 0.30 m from the crest and 0.1 m in the lateral direction (see 
also Fig.  3).

3.2. Test programme

The variations applied in the test programme are summarized in 
Table  2. Not all possible combinations are tested. For the tests with 
variations in 𝜎𝜃,0, a full matrix using 𝑠𝑚−1,0, 𝐻𝑚0, ℎ, 𝜃𝑚 = 0, and four 
values of directional spreading (𝜎𝜃 = 0◦, 10◦, 20◦, 30◦) is applied. The 
tests with oblique waves are performed with a 𝜎𝜃 = 10◦, all variations in 
𝑠𝑚−1,0, and for a subset of 𝐻𝑚0. An additional series without directional 
spreading and with a wave direction of 40◦ is conducted for a water 

depth at the wave board of ℎ𝑑𝑒𝑒𝑝 = 0.63 m. Tests conditions that would 
not result in a sufficiently high 𝑞 are excluded.

Wave directions are defined relative to the structure (or depth 
contour). Thus, normally incident waves (𝜃𝑚 = 0◦) correspond to −10◦
relative to the wave maker. Oblique wave conditions with offshore 
angles of 𝜃𝑚 = 40◦ and 𝜃𝑚 = 60◦ are generated at angles of 30◦ and 
50◦, respectively, relative to the wave maker.

Thus, the following tests are performed:

• Water depths at the wave boards of ℎ𝑑𝑒𝑒𝑝 = 0.63 m, ℎ𝑐𝑟𝑒𝑠𝑡 = 0.72
m and 𝜃𝑚,0 = 0◦, all variations in 𝐻𝑚0 (4), 𝑠𝑚−1,0 (3) and 𝜎𝜃,0 (4) 
resulting in 48 tests.

• Water depths at the wave boards of ℎ𝑑𝑒𝑒𝑝 = 0.70 m, ℎ𝑐𝑟𝑒𝑠𝑡 = 0.63
m and 𝜃𝑚,0 = 0◦, all variations in 𝐻𝑚0 (4), 𝑠𝑚−1,0 (3) and 𝜎𝜃,0 (4), 
excluding tests without sufficient overtopping (−6), resulting in 
42 tests.

• Oblique waves with 𝜃𝑚,0 > 0◦ and 𝜎𝜃,0 = 10◦, the variations in 
ℎ𝑑𝑒𝑒𝑝 (2), 𝑠𝑚−1,0 (3) and 𝐻𝑚0 (3 for 𝜃𝑚 = 40◦, 3 for 𝜃𝑚 = 60◦ and 
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Table 2
Variations applied in the physical model experiments (target conditions). 
Water depth (ℎ𝑑𝑒𝑒𝑝) and crest height (ℎ𝑐𝑟𝑒𝑠𝑡) are defined with respect to the 
bottom of the wave flume. 
 Parameter Symbol Variation  
 Wave height 𝐻𝑚0 [m] 0.1, 0.15, 0.2 and 0.25  
 Deep water wave steepness 𝑠𝑚−1,0 [–] 0.015, 0.025 and 0.04  
 Directional spreading 𝜎𝜃,0 [◦] 0, 10, 20 and 30  
 Wave direction w.r.t. foreshore 𝜃𝑚,0 [◦] 0, 40 and 60  
 Foreshore slope 𝑚 [–] 1/50  
 Configurations (Offshore water 
depth and crest level)

ℎ𝑑𝑒𝑒𝑝 and ℎ𝑐𝑟𝑒𝑠𝑡
[m]

I: ℎ𝑑𝑒𝑒𝑝 = 0.70, ℎ𝑐𝑟𝑒𝑠𝑡 = 0.88, 
II: ℎ𝑑𝑒𝑒𝑝 = 0.63, ℎ𝑐𝑟𝑒𝑠𝑡 = 0.72

 

ℎ𝑑𝑒𝑒𝑝 = 0.63 m, and 2 for 𝜃𝑚 = 60◦ and ℎ = 0.70 m), resulting in 
33 tests.

• Oblique waves with 𝜃𝑚,0 = 40◦, 𝜎𝜃,0 = 0◦ and ℎ𝑑𝑒𝑒𝑝 = 0.63 m, the 
variations in 𝑠𝑚−1,0 (3) and two wave heights (𝐻𝑚0 = 0.15 and 
0.20 m), resulting in 6 tests.

Because of the foreshore, the offshore wave parameters differ from 
those at the structure’s toe. The resulting ranges of incident wave condi-
tions at the toe are presented in Table  3, which define the validity limits 
of the conclusions in this study. The reader is referred to Section 3.3.1 
for the definition of the nearshore location.

3.3. Data analysis

An overview of the locations and methods used to compute the 
various wave parameters is provided in Table  4. For normally incident 
waves, nearshore wave variables are derived from Array 2, while 
directional variables come from EMS09. In deep water, Array 1 and 
GRSM02 are used. For oblique wave conditions, deep-water variables 
are obtained from GRSM01 and shallow water variables from EMS06. 
A combination of the Extended Maxium Entrophy Method (EMEM) and 
the Nonlinear decomposition method for low-frequencies are applied. 
In the next Sub-sections the selection of the methods and instruments 
are discussed.

3.3.1. Incident waves
Incident wave conditions are derived from calibration tests without 

the structure, providing a more reliable estimate, as cross-spectral 
methods are typically less accurate close to a structure because of 
a standing wave pattern. An additional benefit is that the resulting 
formulations reflect conditions unaffected by the structural interfer-
ence (Similar approach was used in Van Gent, 2021; De Ridder et al., 
2024). This aligns with common engineering practice: nearshore wave 
conditions are first computed using numerical models without the 
structure, after which empirical formulae are applied to estimate 𝑞.

Obtaining nearshore incident wave conditions, including directional 
information, is challenging, as most methods are not valid for nonlinear 
breaking waves in shallow water. To address this, several approaches, 
shown in Table  5, are compared. Four time-domain methods are tested: 
Linear; Nonlinear; Nonlinear-LF (only for the lower frequencies); and 
Linear 𝜂 − 𝑢 (based on free surface elevation and velocity). These time-
domain approaches, which are valid for long-crested waves, preserve 
wave shape (e.g., 𝐻2%) and handling phase-locking, while partially 
accounting for nonlinearity (Eldrup and Lykke Andersen, 2019; De Rid-
der et al., 2023). However, they cannot be applied to directional 
sea states. Cross-spectral methods, such as Extended Maximum En-
tropy Method (EMEM, Hashimoto et al., 1995), Maximum Likelihood 
Method (MLM, Capon et al., 1967) and Truncated Fourier Series (TFS, 
Longuet-Higgins, 1963), can estimate a 2D spectrum and thus re-
trieve incident conditions, but they do not provide wave shape and 
are not always applicable for standing wave patterns (phase-locking). 
Recently, Iversen et al. (2025) introduced a time-domain method for 
directional decomposition under narrow-banded assumptions. It also 

Table 3
Parameters range of test programme (measured conditions). The incident wave 
parameters are obtained from wave gauge Set two (toe of the structure).
 Parameter Symbol Values/Ranges 
 Seaward structure slope (–) cot 𝛼 2  
 Armour stone diameter (m) 𝐷𝑛50 0.0239  
 Water depth at wave board (m) ℎ𝑑𝑒𝑒𝑝 0.63 and 0.70 
 Incident wave height (m) 𝐻𝑚0 0.07–0.13  
 Incident low-frequency wave 
height (m)

𝐻𝑚0,𝐿𝐹 0.01–0.05  

 Wave steepness (−) 𝑠𝑚−1,0 0.003–0.041  
 Deep water wave steepness (−) 𝑠𝑚−1,0,𝑑𝑒𝑒𝑝 0.018–0.058  
 Short-wave steepness (−) 𝑠𝑚−1,0,𝐻𝐹 0.012–0.049  
 Offshore wave directional 
spreading (◦)

𝜎𝜃,0 7–30  

 Nearshore wave directional 
spreading (◦)

𝜎𝜃 8–25  

 Offshore mean direction (◦) 𝜃𝑚,0 0–56  
 Nearshore mean direction (◦) 𝜃𝑚 0–30  
 Freeboard (m) 𝑅𝑐 0.09 and 0.18 
 Foreshore slope (−) 𝑚 0.02  
 Non-dimensional freeboard (−) 𝑅𝑐∕𝐻𝑚0 0.98–1.94  
 Non-dimensional stone diameter 
(−)

𝐷𝑛50∕𝐻𝑚0 0.18–0.35  

 Ratio of low-frequency wave 
height (−)

𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0 0.15–0.55  

 Relative water depth normalized 
by the wave height at toe (−)

ℎ∕𝐻𝑚0 1.41–2.15  

 Relative water depth at toe (−) 𝑘ℎ 0.25–0.68  

Table 4
Instrument and applied method to compute the various variables in this study. 
A distinction is applied between tests with (𝜃𝑚 ≠ 0) and without oblique waves 
(𝜃𝑚 = 0).
 Variable Instrument Method  
 
𝐻𝑚0,𝑑𝑒𝑒𝑝

𝜃𝑚 = 0 Array 1 Nonlinear-LF 
 𝜃𝑚 ≠ 0 GRSM01 Eq.  (20)  
 
𝐻𝑚0 or 𝑇𝑚−1,0 𝜃𝑚 = 0 Array 2 Nonlinear-LF 

 𝜃𝑚 ≠ 0 EMS06 Eq.  (20)  
 
𝐻𝑚0,𝐿𝐹

𝜃𝑚 = 0 Array 2 Nonlinear-LF 
 𝜃𝑚 ≠ 0 EMS06 EMEM  
 
𝐻𝑚0,𝐻𝐹  or 𝑇𝑚−1,0,𝐻𝐹

𝜃𝑚 = 0 Array 2 HF filter  
 𝜃𝑚 ≠ 0 EMS06 HF filter  
 
𝜎𝜃,0

𝜃𝑚 = 0 GRSM02 EMEM  
 𝜃𝑚 ≠ 0 GRSM01 EMEM  
 
𝜎𝜃

𝜃𝑚 = 0 EMS09 EMEM  
 𝜃𝑚 ≠ 0 EMS06 EMEM  
 
𝜃𝑚,0

𝜃𝑚 = 0 GRSM02 EMEM  
 𝜃𝑚 ≠ 0 GRSM01 EMEM  
 
𝜃𝑚

𝜃𝑚 = 0 EMS09 EMEM  
 𝜃𝑚 ≠ 0 EMS06 EMEM  
 
𝑞

𝜃𝑚 = 0 Q3, Q5 and Q6 –  
 𝜃𝑚 ≠ 0 Q1 –  
 𝑐 𝜃𝑚 = 0 WHM14, WHM16 –  

requires synchronized generation and analysis, as only two directions 
are possible for each frequency (valid for single-summation genera-
tion). While this assumption may hold in deep water, it is less appli-
cable in the nearshore with breaking waves and is therefore not used. 
In Section 3.3.3 the results of the method provided in Table  5 are 
discussed.

3.3.2. Wave parameters
Cross-spectral methods do not produce a decomposed signal di-

rectly, but instead result in a 2D wave spectrum (𝐸(𝑓, 𝜃)). To decom-
pose the 2D wave spectrum into incident and reflected energy, it is 
assumed that all the incident energy aligns within 𝜃𝑚 − 𝜋 < 𝜃 < 𝜃𝑚 + 𝜋, 
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Table 5
Overview of applied methods and assumptions to decompose the signals.
 Method Assumptions Directional

information
 

 Linear (Zelt and 
Skjelbreia, 1993)

Linear long-crested waves No  

 Nonlinear (e.g. Eldrup 
and Lykke Andersen, 
2019; De Ridder et al., 
2023)

Nonlinear long-crested waves No  

 Nonlinear-LF (See 
approach in De Ridder 
et al., 2024)

No reflections of short waves and 
LF wave propagate shore normal

No  

 Linear 𝜂 − 𝑢 (Guza 
et al., 1984)

Linear long-crested waves and 
shallow water wave celerity

No  

 EMEM (Hashimoto 
et al., 1995)

Linear homogeneous wave field Yes  

 MLM (derived by 
Capon et al., 1967)

Linear homogeneous wave field Yes  

 TFS (Longuet-Higgins, 
1963)

Linear homogeneous wave field Yes  

where 𝜃𝑚 is the mean incident wave direction defined as, 

𝜃𝑚 = arctan

(
∑

𝑗
∑

𝑖 sin (𝜃𝑗 )𝐸𝐼𝑛(𝑓𝑖, 𝜃𝑗 )
∑

𝑗
∑

𝑖 cos (𝜃𝑗 )𝐸𝐼𝑛(𝑓𝑖, 𝜃𝑗 )

)

(11)

Thus, 𝐸𝐼𝑛(𝑓, 𝜃) is defined as 𝐸𝐼𝑛(𝑓, 𝜃) = 𝐸(𝑓, 𝜃𝑚 − 𝜋 > 𝜃 < 𝜃𝑚 + 𝜋). The 
directional spreading is defined as (Kuik et al., 1988), 

𝜎𝜃 = 2

⎛

⎜

⎜

⎜

⎝

1 −

√

√

√

√

√

(
∑

𝑗
∑

𝑖 sin (𝜃𝑗 )𝐸𝐼𝑛(𝑓𝑖, 𝜃𝑗 )
∑∑

𝐸𝐼𝑛(𝑓𝑖, 𝜃𝑗 )

)2

−

(

∑∑

cos (𝜃𝑗 )𝐸𝐼𝑛(𝑓𝑖, 𝜃𝑗 )
∑∑

𝐸𝐼𝑛(𝑓𝑖, 𝜃𝑗 )

)2⎞
⎟

⎟

⎟

⎠

(12)

where 𝐸𝐼𝑛(𝑓, 𝜃) is the incident energy density, 𝜃 is the direction and 𝑓
is the frequency. To obtain directional variables for specific frequency 
bands, the index 𝑗 is restricted. For example, the low-frequency direc-
tional parameters are calculated for 𝑗 ranging in such a way that 𝑓
ranges between 0 and 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 .

From the measured directional wave spectrum, the one-dimensional 
energy density spectrum is obtained by integrating over the directions, 

𝐸(𝑓 ) = ∫ 𝐸(𝑓, 𝜃)𝑑𝜃 (13)

Given the wave spectrum, the spectral moment is defined as, 

𝑚𝑛|
𝑓𝑚𝑎𝑥
𝑓𝑚𝑖𝑛 = ∫

𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛
𝑓 𝑛𝐸(𝑓 )𝑑𝑓 (14)

where 𝑓 is the frequency, 𝑛 the order of the moment, 𝐸(𝑓 ) the 1D 
energy density, 𝑓𝑚𝑖𝑛 the lower frequency and 𝑓𝑚𝑎𝑥 the higher frequency. 
The wave parameters are based on this spectral moment and defined 
as, 
𝐻𝑚0 = 4

√

𝑚0 (15)

𝐻𝑚0,𝐿𝐹 = 4
√

𝑚0|
𝑓𝑐𝑢𝑡𝑜𝑓𝑓
0 (16)

𝐻𝑚0,𝐻𝐹 = 4
√

𝑚0|
10
𝑓𝑐𝑢𝑡𝑜𝑓𝑓

(17)

𝑇𝑚−1,0 =
𝑚−1
𝑚0

(18)

𝑇𝑚−1,0,𝐻𝐹 =
𝑚−1|

10
𝑓𝑐𝑢𝑡𝑜𝑓𝑓

𝑚0|
10
𝑓𝑐𝑢𝑡𝑜𝑓𝑓

(19)

The cutoff frequency, 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 , is defined as 𝑓𝑝∕1.5, following De Ridder 
et al. (2024). Expressed in terms of 𝑇𝑚−1,0 this is 0.60∕𝑇𝑚−1,0.

3.3.3. Verification methods
When analyzing wave variables (𝐻𝑚0,𝐻𝐹 , 𝐻𝑚0,𝐿𝐹 , and 𝐻2%), pro-

vided by methods in Table  5 most methods produce similar results 
in deep water, with only minor deviations for MLM and Linear 𝜂 −
𝑢 (see Appendix  C). In shallow water, however, differences become 
more pronounced, particularly for 𝐻2% (see Fig.  C.21). Therefore, 
the measured short-wave signal for the test without the structure is 
assumed to represent the incident short-wave component. For low-
frequency waves, the nonlinear decomposition method is applied, as 
these frequencies contain some reflection even during calibration tests. 
It is further assumed that directional spreading of low-frequency waves 
is limited, making the nonlinear decomposition method suitable for 
normally incident sea states, even with directional spreading. The close 
agreement between EMEM and the nonlinear decomposition method 
for 𝐻𝑚0,𝐿𝐹  supports the validity of this assumption (See Appendix  C). 
The linear 𝜂− 𝑢 method would have made it possible to decompose the 
signal at several locations at the wave basin, but the assumption of a 
shallow water celerity results in an underestimation compared to the 
other methods, making the method less reliable.

Directional information must be obtained using a cross-spectral 
method. Both the offshore wave gauge array and the velocity-free-
surface combinations are considered. Although the offshore array gen-
erally provides a detailed 2D spectrum, some conditions do not match 
target values consistently. Therefore, it is chosen to apply the GRSM or 
EMS (in combination with a wave gauge) to provide the 2D spectrum. 
This also has the advantage that at several locations in the basin, the 
directional spectrum is available and obtained with the same method.

In Fig.  4, the deep water results for GRSM02 are shown as a function 
of the target values for the three cross-spectral methods. Note that the 
target does not necessarily represent the truth as the wave maker could 
introduce an error. EMEM shows the closest agreement, especially for 
𝜎𝜃,0. The 𝜎𝜃,0 for the MLM and TFS methods varies significantly (Panels 
D and F) as the directional distribution is, in general, fairly broad for all 
conditions. Directional spreading of low-frequency waves is also shown 
to assess the variations of the higher-order waves, even though the 
method is theoretically invalid for these components. Both the EMEM 
and MLM show similar results for 𝜎𝜃,𝐿𝐹  and a relationship with the 
target 𝜎𝜃,0, suggesting that they reasonably capture this part of the 
spectrum. Since the EMEM shows the best results for 𝜎𝜃 and the wave 
parameters (See Appendix  C), the EMEM method is applied to obtain 
the directional wave spectrum.

The accuracy of the EMEM method for obtaining the directional 
wave spectrum in shallow water cannot be verified as the target value 
is unknown except for 𝜃 = 0◦. Also for shallow water, the EMEM 
method results in the lowest scatter compared to all other methods 
(comparison not shown for shallow water here). EMEM is therefore 
considered to be the most suitable method for the conditions in the 
present test programme.

For oblique wave conditions, the wave gauge array (Array 2) cannot 
be used to decompose the signal because it does not align with the 
overtopping box outside the shadow zone. In these cases, 𝐻𝑚0,𝐿𝐹  is 
estimated using the EMEM method instead of the nonlinear decompo-
sition method. 𝐻𝑚0 is then calculated as the energy-based sum (EMEM 
does not provide a time series) of low-frequency energy from EMEM 
(𝐻𝑚0,𝐿𝐹 ,𝐸𝑀𝐸𝑀 ) and the measured high-frequency short-wave energy 
(𝐻𝑚0,𝐻𝐹 ): 

𝐻𝑚0 =
√

𝐻2
𝑚0,𝐿𝐹 ,𝐸𝑀𝐸𝑀 +𝐻2

𝑚0,𝐻𝐹 (20)

This approach assumes phase independence, which is not fully valid 
in shallow water. However, the resulting errors are expected to be 
minimal.
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Fig. 4. Comparison of the mean wave direction (𝜃𝑚,0), directional spreading (𝜎𝜃,0), and directional spreading of the low-frequencies (𝜎𝜃,𝐿𝐹 ) with the target mean 
direction or directional spreading for the MLM, EMEM, and TFS method. Results are obtained from the offshore instrument GRSM02.

Thus, the EMEM method is used to obtain the directional wave spec-
trum (characterized by 𝜎𝜃 and 𝜃𝑚), while the nonlinear decomposition 
method is used to obtain incident wave parameters (characterized by: 
𝐻𝑚0 and 𝑇𝑚−1,0).

3.3.4. Hydrodynamic parameters
In addition to wave parameters, the wave setup, wave celerity, and 

correlation between low-frequency waves and short wave envelope are 
computed. Wave setup (⟨𝜂⟩) is computed by comparing the mean over 
the signal before wave generation and during the final segment of the 
time series (after 5 min). The frequency-dependent wave celerity (𝑐) is 
estimated from phase differences between two wave gauges (WHM14 
and WHM16, as descibed in Thornton and Guza, 1982; Martins et al., 
2021). The correlation (𝜌𝜂𝐿𝐹𝐴) between low-frequency waves and the 
short-wave envelope follows the definition in Janssen et al. (2003).

3.4. Individual events

Next to the mean overtopping discharge, also the individual events 
are analyzed. These variables are determined using the approach de-
scribed in De Ridder et al. (2025) using the four water-layer instru-
ments in a row. The water layer thickness (ℎ𝑖) is based on the maximum 
water layer signal within an event, which is determined using a peak 

detection method. Using the consecutive instruments, the front velocity 
(𝑢𝑖) is determined for each event by computing the required time shift 
for the highest correlation between the two signals. The individual 
volumes (𝑉𝑖) are obtained by integrating the water layer thickness 
signal over the event period and multiplying it by the front velocity. 
The mean value over all instruments is used as the final estimate of the 
variable Based on ℎ𝑖, 𝑉𝑖, and 𝑢𝑖, the 2% exceedance values relative to 
the number of incident waves was calculated (ℎ2%, 𝑉2% and 𝑢2%).

3.4.1. Wave overtopping
Several boxes are used to measure 𝑞. For normally incident wave 

conditions, the mean across multiple boxes is taken as an estimate. To 
determine which boxes are applied to compute the mean, the result 
from each overtopping box is compared to the results from Box 5 in 
the center of the structure. This analysis reveals that Boxes 1, 2, and 
8 deviate significantly from the others, likely due to their position in 
the diffraction zone or near the side wall for normal incident waves. 
Box 4 also shows a deviation, most likely due to its different crest 
configuration. Therefore, Boxes 3, 5, and 6 produce similar results and 
are used to calculate 𝑞 for normal incident waves. In addition to the 
mean overtopping discharge, the standard deviation across the three 
boxes is calculated for the normal incident waves. For oblique waves 
overtopping Box 2 is applied as it is located outside the shadow zone 
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Fig. 5. Directional wave spectrum (Panels A, B, and C), 1D energy density spectrum (Panel D, E, and F), and the dominant nonlinear energy transfers (Panel G, 
H, and I) for three locations in the basin for Test B721_20. The gray line in the energy density spectrum shows the deep water spectrum and the red dashed line 
the frequency cutoff. The polar plots in the upper panels show the frequency in  Hz on radial axis.

as Overtopping boxes 3 till 8 results in significantly lower volumes for 
oblique waves.

3.5. Error metrics

The error metric used in this study is the root-mean-square-error 
(RMSE), root-mean-square-logarithmic-error (RMSLE) or coefficient of 
determination. The definition of the RMSE and RMSLE are given by 
Eqs.  (21) and (22), 

𝑅𝑀𝑆𝐸 =

√

√

√

√

(

1
𝑁

𝑁
∑

𝑖=1
(𝑥𝑖 − 𝑦𝑖)2

)

(21)

𝑅𝑀𝑆𝐿𝐸 =

√

√

√

√

(

1
𝑁

𝑁
∑

𝑖=1
(log (𝑥𝑖 + 1) − log (𝑦𝑖 + 1))2

)

(22)

where 𝑥𝑖 is the modeled value, 𝑦𝑖 the observed value and 𝑁 the number 
of values. Next to the RMSE also the coefficient of determination is 
computed given by, 

𝑅2 = 1 −
∑𝑁

𝑖=1(𝑥𝑖 − 𝑦𝑖)2
∑𝑁

𝑖=1(𝑦𝑖 − ⟨𝑦⟩)2
(23)

where 𝑁 is the number of observations, ⟨...⟩ is the mean operator, 𝑦𝑖
is the observation and 𝑥𝑖 the estimation. The RMS(L)E is a typically 
applied error measure and the 𝑅2 is a normalized error measure.

4. Wave propagation over the foreshore

To illustrate the wave transformation across the foreshore, Fig.  5 
shows the wave spectrum and energy transfer at several locations for 
Test CB721_20 (𝐻𝑚0 = 0.15 m, ℎ = 0.63 m, 𝑠𝑚−1,0 = 0.015, 𝜃𝑚 = 0◦ and 
𝜎𝜃,0 = 20◦). In deep water (Panels A and D), most energy is concentrated 
near the peak frequency, with relatively broad 𝜎𝜃,0 of about 17◦ (Panel 
A). As depth decreases, energy shifts toward both lower and higher 
frequencies (Panels B and E), forming bound waves aligned with the 
primary wave in direction.

The nonlinear energy transfer, theoretically only valid for long-
crested waves, based on Boussinesq theory (𝑆𝑛𝑙) for various interactions 
is shown in the lower panels (computed based on Eq. C2 in Henderson 
et al. (2006) and filtered for three frequency ranges: LF 𝑓 < 𝑓𝑝∕2, 
p 𝑓𝑝∕2 > 𝑓 > 1.5𝑓𝑝 and HH 𝑓 > 1.5𝑓𝑝). Interactions between two 
primary waves (indicated with 𝑝) primarily transfer energy to higher 
harmonics (indicated with 𝐻𝐻) with the interaction 𝑆𝑛𝑙,𝑝,𝑝,𝐻𝐻  (Panel 
H). In very shallow water (Panel I), energy is distributed to even higher 
harmonics by 𝑆𝑛𝑙,𝑝,𝐻𝐻,𝐻𝐻  with an interaction of a primary wave first 
harmonic (≈ 2𝑓𝑝) and second harmonic (≈ 2𝑓𝑝), where it is most 
likely dissipated. Energy transfer to lower frequencies, mainly given by 
𝑆𝑛𝑙,𝑝,𝑝,𝐿𝐹  is limited in this test. On the other hand, tests with smaller 
𝜎𝜃,0 show a larger energy transfer to lower frequencies and therefore 
more energy at the lower frequencies.

Directional variability decreases due to refraction, narrowing the 
spreading to approximately 14◦ (Panel B). In very shallow water, most 
energy is dissipated, and 𝜎𝜃 increases again (In Sub-section 4.1.1 this 
is discussed). Furthermore, the applied cutoff frequency, shown as a 
dashed red line, nicely separates the low and high frequency wave 
energy for the three water depths.

4.1. Hydrodynamic variables

The effect of the 𝜎𝜃,0 on the nearshore hydrodynamics is shown in 
Fig.  6. Two relative water depth variables are shown to plot the results: 
normalized water depth (ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝) and the relative water depth (𝑘ℎ) 
with ℎ the local water depth, 𝐻𝑚0,𝑑𝑒𝑒𝑝 the deep water wave height, 
and 𝑘 the wave number. The ratio ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝 primarily reflects the 
effect of wave breaking, while 𝑘ℎ represents the degree of nonlinearity 
associated with shallow water conditions. Panel A shows the results for 
both oblique and normal incident conditions, whereas other panels only 
focus on normal incident conditions.

In Panel A of Fig.  6, the fraction of 𝐻𝑚0 compared to 𝐻𝑚0,𝑑𝑒𝑒𝑝 is 
shown as a function of ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝. In agreement with other studies, 𝐻𝑚0
becomes depth-limited in shallow water (e.g. Battjes and Groenendijk, 
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Fig. 6.  Normalized wave height as a function of the relative water depth (Panel A), normalized wave setup as a function of the 𝑘ℎ, 𝐻2%∕𝐻𝑚0 as function of 
𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0 (Panel C), and mean wave celerity as a function of the 𝑘ℎ.

2000). Also, 𝐻𝑚0 has a dependence on the steepness in intermedi-
ate water, with a lower 𝐻𝑚0 for steeper wave conditions, showing 
steepness-induced dissipation. The directional spreading does not show 
a notable effect for 𝐻𝑚0 transformation, at least compared to the energy 
dissipation by wave breaking. The tests with oblique waves are affected 
by refraction, which would have a reducing effect on 𝐻𝑚0 as the 
water depth decreases in the shoaling zone. However, this effect is not 
observed for the datasets (Panel A), as wave breaking is the dominant 
source of the reduction in 𝐻𝑚0.

Panel B presents the normalized wave setup (⟨𝜂⟩), showing that both 
the relative depth and the steepness influence the normalized wave 
setup. Steeper waves produce significantly larger wave setup for a given 
𝑘ℎ, particularly in deeper water. In very shallow water, the wave setup 
reaches approximately 2% of 𝐻𝑚0,𝑑𝑒𝑒𝑝, which can substantially affect 
overtopping. No significant effect of the 𝜎𝜃,0 is observed.

The directional spreading 𝜎𝜃,0 does affect 𝐻𝑚0,𝐿𝐹  (see also Sec-
tion 4.2), and consequently influences extreme wave heights such as 
the 2% exceedance height 𝐻2%. De Ridder et al. (2024) demonstrated a 
dependency between 𝐻2%∕𝐻𝑚0,𝐻𝐹  (1.4 for Rayleigh-distributed waves) 
and 𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0, as conditions with larger 𝐻𝑚0,𝐿𝐹  lead to higher crest 
elevations. This trend is also observed here for the long-crested wave 
conditions (Panel C). For the other conditions, which contain less low-
frequency energy, the effect is less pronounced. Thus, conditions with 
less directional spreading result in a higher value for 𝐻2%∕𝐻𝑚0,𝐻𝐹  in 
shallow water.

Panel D presents the mean wave celerity normalized by the the-
oretical shallow-water celerity, plotted against 𝑘ℎ. Wave overtopping 
is expected to correlate with celerity because higher celerity implies 
greater momentum and potentially larger overtopping volumes. The 
results show that for low 𝑘ℎ, the wave celerity exceeds the theoretical 
shallow-water value 

√

𝑔ℎ, which may contribute to increased overtop-
ping. Several mechanisms can explain this elevated celerity, including 
amplitude effects (e.g., Martins et al., 2021), wave setup (shown by 
the colors of the points), and temporary water-level increases induced 

Fig. 7. Ratio of the directional spreading as a function of the deep water 
directional spreading (𝜎𝜃,0) at two locations (EMS04 and EMS09). Note that 
the water depth is defined at the location of the instrument. Only results for 
𝜎𝜃,0 larger than zero are shown.

by low-frequency waves each of which is linked to 𝑘ℎ. Again, no 
significant influence of 𝜎𝜃,0 is found.

Overall, the hydrodynamic results are coherent and show no out-
liers. Except for 𝐻𝑚0,𝐿𝐹  (discussed in the next section), the datasets do 
not show strong variations in nearshore wave variables as a result of 
𝜎𝜃,0, suggesting that 𝑞∗ is also unlikely to depend strongly on 𝜎𝜃,0 alone.

4.1.1. Refraction of directional spreading
Next to the hydrodynamic variables, also the nearshore directional 

spreading 𝜎𝜃 is analyzed. Fig.  7 illustrates its transformation, comparing 
the deep-water location (GRSM02) with two other positions (EMS04 
and EMS09) as a function of ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝. Due to refraction, 𝜎𝜃 reduces 
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Fig. 8. Relative contribution of low-frequency wave height as a function of 𝑘ℎ−1.1.5𝑠0.5𝑚−1,0,𝑑𝑒𝑒𝑝 with the colors indicating the directional spreading in Panel A. 
Panel B and C show the scatter plot of the non-dimensional wave overtopping discharge computed with Eqs. (24) and (25), respectively. Range of validity: 
ℎ∕𝐻𝑚0 = 1.41 − 2.15, 𝜎𝜃,0 = 7◦ − 30◦, 𝑠𝑚−1,0,𝑑𝑒𝑒𝑝 = 0.018 − 0.058 and gentle sloping foreshores.

between GRSM02 and EMS04 with approximately 20%. Tests without 
directional spreading are not shown as the cross-spectral methods are 
not valid for these conditions and the low spreading values makes the 
ratio highly sensitive.

In very shallow water (EMS09), 𝜎𝜃 increases again, especially for 
the lower directional values. This effect has also been observed and at-
tributed to wave interactions in Herbers et al. (1999), and numerically 
reproduced by Wei et al. (2017), who explained it as wave amplitude 
diffraction. It remains uncertain whether this increase is a physical 
phenomenon or an artifact of the cross-spectral analysis, but the trend 
appears consistently across all methods considered.

Thus, in shallow water, wave refraction reduces the variability of 
𝜎𝜃 , making it difficult to incorporate the influence of 𝜎𝜃,0 on 𝑞∗ into an 
empirical formulation for 𝑞 based solely on nearshore variables.

4.2. Low-frequency wave height

The amount of low-frequency wave energy strongly depends on 
directional spreading. Fig.  8 shows the relative contribution of low-
frequency energy as a function of 𝑘ℎ−1.15𝑠0.5𝑚−1,0,𝑑𝑒𝑒𝑝 (from De Ridder 
et al. (2024)), with colors indicating the target directional spreading. 
The figure demonstrates that sea states with little or no directional 
spreading contain significantly more low-frequency waves. To capture 
this behavior empirically, both the formulation from De Ridder et al. 
(2024) and a new formulation are presented in Table  6.

The original expression (Eq. (24)) performs reasonably well, with an 
RMSE of 0.15 (see Panel C of Fig.  8). However, directional spreading 
has a substantial effect. To account for this, the term 𝑠

100  is introduced, 
with 𝑠 the directional spreading defined as cosine power (see Eq.  (3)) 
and sea states without directional spreading are specified as 𝑠 = 100. 
For long-crested conditions, this factor equals one. Including directional 
spreading in the expression this reduces the RMSE to 0.03 (Panel C, Eq. 
(25)), a significant improvement compared to RSME of 0.15 without 
inclusion (Panel B).

5. Overtopping results

5.1. Mean overtopping discharge

The results for the 𝑞∗ in relation to various parameters are shown 
in Fig.  9. 𝑞∗ is plotted against the short-wave steepness (𝑠𝑚−1,0,𝐻𝐹 ), 
which is found to explain most of the variations in this dataset (see 
also De Ridder et al., 2024, 2025). The 𝑅∗

𝑐 , has a lower importance for 

Table 6
Expressions for the ratio of the incident low-frequency wave height and the 
total wave height.
 Formulation 𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0 [–]
 RMSE 𝑅2  
 𝐻𝑚0,𝐿𝐹

𝐻𝑚0
= 0.75 kh−1.15𝑠0.50𝑚−1,0,𝑑𝑒𝑒𝑝 (24) 0.15 0.38 

 𝐻𝑚0,𝐿𝐹

𝐻𝑚0
= 0.75 kh−1.15𝑠0.50𝑚−1,0,𝑑𝑒𝑒𝑝(𝑠∕100)

0.13 (25) 0.03 0.91 

this dataset because, due to wave breaking, the nearshore wave height 
does not vary much, especially for the tests where the water depth at 
the wave board is 0.63 m. Variations caused by the relative crest height 
are illustrated in Panel A, where most of the scatter arises from the 
series with a water depth at the wave board of 0.70 m. Panel B shows 
the effect of directional spreading, which does not reveal a clear trend 
when showing as a function of 𝑠𝑚−1,0,𝐻𝐹 . However, when compared 
to the amount of low-frequency wave energy (related to directional 
spreading), a trend becomes visible (Panel C). For the same wave 
steepness, tests with more low-frequency energy result in larger 𝑞∗. This 
effect is noticeable only for higher 𝑞∗, where low-frequency energy is 
significant. The reason why the lower 𝑞∗ do not show significant low-
frequency wave energy is shown in Panel D, as the water depth for 
these data points is in relatively deep water, where the low-frequency 
wave energy is limited. The six outliers are also obtained from tests in 
relatively deep water.

The effect of oblique waves is shown in Fig.  10. In this figure, tests 
with 𝜃𝑚 = 0, which match the wave conditions of one of the oblique 
wave direction tests are shown. Panel A shows the 𝑞∗ with respect to 
the 𝜃𝑚,0 as a function of 𝑠𝑚−1,0,𝐻𝐹 . This panel shows that the 𝑞∗ reduces 
as 𝜃𝑚,0 increases, but this is mainly caused by variations in 𝐻𝑚0, as 
demonstrated in Panel B. The tests with 𝜃𝑚,0 not being perpendicular 
result in a lower 𝐻𝑚0 and, therefore, in lower 𝑅∗

𝑐 . When including the 
𝑠𝑚−1,0,𝐻𝐹  next to 𝑅𝑐∕𝐻𝑚0 on the horizontal axis as shown in Panel C, 
the spreading decreases but is still present. The effect in terms of 𝜃𝑚 is 
shown in Panel D, showing that the 𝑞∗ is lower for the conditions with 
oblique wave direction. The distinction between the 30◦ and 50◦ tests 
is limited due to the refraction (see Appendix  D), as the wave direction 
at the toe reduces compared to the deep water wave directions.
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Fig. 9. Non-dimensional mean overtopping discharge (𝑞∕
√

𝑔𝐻3
𝑚0) as a function of short wave steepness (𝑠𝑚−1,0,𝐻𝐹 ) where the colors indicate the relative crest 

height (𝑅𝑐∕𝐻𝑚0, Panel A), directional spreading (𝜎𝜃 , Panel B), amount of low-frequency waves (𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0, Panel C) and normalized water depth (ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝, 
Panel D).

Fig. 10. Non-dimensional wave mean overtopping discharge (𝑞∕
√

𝑔𝐻3
𝑚0) as a function of the short-wave steepness (𝑠𝑚−1,0, Panel A and B) or relative crest height 

including the short wave steepness (𝑠𝑚−1,0,𝐻𝐹 , Panel C and D). Colors indicate offshore mean wave direction (𝜃𝑚,0, Panel A and C), relative crest height (𝑅𝑐∕𝐻𝑚0, 
Panel B) or nearshore wave direction (𝜃𝑚, Panel D).
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Fig. 11. Non-dimensional water layer thickness as function of the normalized low-frequency wave signal and distribution of the overtopping events as function 
of the normalized low-frequency wave signal for four different conditions: Deep water low LF (Panel A and D), shallow water low LF (Panel B and E) and shallow 
water high LF (Panel C and F), Deep is characterized as ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝 < 1.

5.2. Effect of low-frequency waves

The effect of the low-frequency waves on 𝑞∗ is illustrated by com-
paring the water layer thickness (ℎ𝑖), as a proxy for the individual 
overtopping volumes, at the crest of the structure with the phase of 
the low-frequency wave (𝜂𝐿𝐹 ) in Fig.  11. A similar figure was shown 
in De Ridder et al. (2025), but based on flume experiments (no di-
rectional spreading). As 𝐻𝑚0,𝐿𝐹  is related to the directional spreading, 
this analysis also contains data points with the same conditions (𝐻𝑚0
and 𝑠𝑚−1,0,𝐻𝐹 ) but with lower low-frequency waves (the variation in 
directional spreading). This figure shows three different conditions: 
deep water (Panel A), shallow water without significant LF waves 
(Panel B), and shallow water with significant LF waves (Panel C). In 
this analysis significant LF waves is characterized as 𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0 > 0.25
and deep water as ℎ∕𝐻𝑚0,𝑑𝑒𝑒𝑝 < 1.0. This choice is arbitrary but chosen 
so that the effect is best illustrated.

In deep water (Panels A and D), the low-frequency wave is out of 
phase with the short waves, meaning that the largest waves travel on 
top of the trough of the low-frequency wave. This is reflected in the 
distribution of the overtopping events (Panel D), with most overtopping 
events at a trough of the low-frequency wave (mean of distribution is at 
negative 𝜂𝐿𝐹 ). On the other hand, in shallow water, the largest waves 
can only exist on top of the crest of the low-frequency wave, resulting in 
the largest overtopping volumes caused by waves traveling at the crest 
of the low-frequency wave (Panel C) and most overtopping events at 
positive 𝜂𝐿𝐹  (Panel F). For the same conditions in shallow water but 
with less low-frequency energy, this effect is less pronounced (Panels B 
and E).

Thus, the effect of low-frequency waves is mainly present in shallow 
water for sea states without significant directional spreading. Fur-
thermore, in shallow water, the low-frequency waves result in larger 
overtopping volumes (short waves can only exist on top of a LF waves), 
whereas in deeper water, the volumes will most likely be lower (LF 
waves result in a water level decrease, not shown). Note that these ef-
fects play a role next to the effect depth-induced wave breaking (shown 
by Victor et al., 2012). In addition, a correction for low-frequency wave 
energy in the wave overtopping discharge formula is only applicable in 
shallow water, since the opposite effect is expected in deep water.

5.3. Effect of directional spreading and the offshore conditions

This study intends to derive an expression for 𝑞∗ based on the 
nearshore wave conditions. In this way, the expression is independent 
of the applied foreshore and generally applicable. However, when only 
𝑞∗ based on the nearshore wave conditions is presented, it could give 
the impression that certain parameters have a minor effect, but when 

Table 7
Overview of statistical scores for various equations.
* using Eq.  (A.3) for the slope ** using Eq.  (A.3) for the slope and Eq.  (10) 
for the effect of the directional spreading.
 Formulation 𝑞∕

√

𝑔𝐻3
𝑚0 [−]

 RMSLE 𝑅2  
 Eq.  (7) (Van Gent, 1999) 1.33 <0  
 Eq.  (6) (TAW, 2002) 1.35 <0  
 Eq.  (7)* (Altomare et al., 2016) 1.24 <0  
 Eq.  (8) (EurOtop, 2018) 3.43 <0  
 Eq.  (7)** (Altomare et al., 2020) 1.40 <0  
 Eq.  (A.1) (De Ridder et al., 2024) 0.63 0.85  
 Eq.  (A.2) (De Ridder et al., 2024) 0.65 0.84  
 Van Gent et al. (2025) 0.83 0.39  

the wave transformation over the foreshore is included, they could have 
a larger effect. Therefore, in Appendix  E, the results are discussed with 
respect to the wave conditions before the foreshore, emphasizing the 
combined effect of a foreshore and a coastal structure.

The 𝑠𝑚−1,0,𝑑𝑒𝑒𝑝 and 𝑅𝑐∕𝐻𝑚0,𝑑𝑒𝑒𝑝 are the most important factors influ-
encing 𝑞∗, both affecting 𝑞∗ in order of several factors of 10 (determined 
visually using Fig.  E.23). For low 𝑅𝑐∕𝐻𝑚0,𝑑𝑒𝑒𝑝, the 𝑠𝑚−1,0,𝑑𝑒𝑒𝑝 shows a 
lower effect compared to higher 𝑅𝑐∕𝐻𝑚0,𝑑𝑒𝑒𝑝. The effect of the direc-
tional spreading is an order of magnitude smaller, but still relevant. 
The last variation applied is the water depth, which is negligible for 
these conditions.

To show the effect of directional spreading, the relative difference 
with the results without directional spreading (𝜎𝜃 = 0◦) is shown in Fig. 
12. Both the 𝑞 and 𝑞∗ show a reduction when the directional spreading 
increases. The average of all datapoints is approximately 80% for the 
10◦ of directional spreading and further reduces to approximately 60% 
for 30◦ relative to no direction spreading. The same is also observed 
for 𝑞∗, showing that this reduction is not caused by variations in 𝐻𝑚0. 
𝐻𝑚0 is slightly lower when the directional spreading increases, but this 
is limited (average change of about 4%). On the other hand, 𝐻𝑚0,𝐿𝐹
is significantly reduced. Thus, the offshore directional spreading itself 
does not necessarily result in a reduction of 𝑞∗, whereas it does affect 
the low-frequency wave and thereby 𝑞∗. Same findings are found for 
the individual overtopping events (ℎ2% and 𝑉2%), see Appendix  H.

5.4. Consistency with previous work

The long-crested wave conditions in this test campaign are similar 
to tests performed in De Ridder et al. (2025), where the same test 
conditions were performed in the flume (Series A7 and A3 in De Ridder 
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Fig. 12. Violin plot for the relative mean overtopping discharge (Panel A), non-dimensional mean overtopping discharge (Panel B), wave height (Panel C), and 
low-frequency wave height (Panel D) compared to the results for 0 degree of directional spreading.

Fig. 13. Comparison of the SF-2024 and DB-2025 results for the non-dimensional wave overtopping discharge (Panel A). Panel B shows the results for the 
expression presented in De Ridder et al. (2024), Eq.  (A.1) for non-dimensional wave overtopping discharge.

et al. (2025)). To verify the consistency between the current dataset 
(Delta Basin, DB-2025) with the previous dataset (Scheldt Flume, SF-
2024), the results for 𝑞∗ is shown in Fig.  13 for normal incident long 
crested wave conditions.

These results show that 𝑞∗ are very similar, but that there is a 
small bias between the two experiments. This difference is not caused 
by variations in 𝐻𝑚0, as no bias is found when comparing 𝐻𝑚0 (not 
shown). Therefore, these deviations are considered to result from the 
model setup. In Panel B, the expression found in De Ridder et al. (2024), 
Eq.  (A.1) is verified for both subsets, showing that this expression 

performs reasonably well for this dataset. The RMSLE is even lower 
for this new dataset, with an RMSLE of 0.53. Thus, it can be concluded 
that both datasets are consistent and that the existing formulation also 
holds for the new experiments without directional spreading.

5.5. Comparison with existing formulations

Several formulations from the literature for predicting 𝑞∗ are eval-
uated using this dataset, see Table  7 and Fig.  14.
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(a) EurOtop (2018) (Eq.  (8)).

  
(b) Altomare et al. (2016) (Eq.  (7)*).

 

 
(c) Altomare et al. (2020) (Eq.  (7)**).

  
(d) De Ridder et al. (2024) (Eq.  (A.1)).

 

Fig. 14. Scatter plots of several existing formulations.

The EurOtop (2018) formulation performs worst, as it does not 
account for the wave steepness, resulting in larger scatter (see Panel A 
of Fig.  14). TAW (2002) formulation shows improved accuracy (RMSLE 
= 1.35). Eq.  (7) for shallow water of Van Gent (1999) performs better, 
and the modified version of Eq.  (7) by Altomare et al. (2016) slightly 
reduces the error even further (see Panel B of Fig.  14). However,
incorporating directional spreading in Eq.  (7) as proposed by Altomare 
et al. (2020) decreases the accuracy (see also Panel C of Fig.  14). 
This can be explained by the fact that directional spreading itself is 
not the direct driver of wave overtopping, but the amount of low-
frequency energy affected by directional spreading (see also Appendix 
F). An influence factor based solely on directional spreading cannot 
consistently result in accurate predictions, because the magnitude of 
low-frequency waves also depends on the local water depth. The for-
mulation by Van Gent et al. (2025), also performs well (RMSLE = 0.83), 
with the advantage that the short-wave steepness is not required.

The best results are obtained with the formulations from De Ridder 
et al. (2024), see Eqs.  (A.1) and (A.2), which was developed using 
similar experiments (see also Panel D of Fig.  14). The high accuracy 
of Eq.  (A.1) (RMSLE = 0.63) demonstrates that combining 𝑠𝑚−1,0,𝐻𝐹
with 𝑅∗

𝑐  provides reliable estimates. However, including 𝐻𝑚0,𝐿𝐹  does 
not improve the accuracy (Eq.  (A.2)), indicating that for conditions 
with directional spreading the effects of low-frequency energy are not 
sufficiently captured. Thus, in the next section, these formulations are 
adjusted to correctly incorporate the effect of 𝐻𝑚0,𝐿𝐹  for conditions 
with and without directional spreading.

6. Fit of a new empirical formulation

Previous results indicate the need for an expression that accounts 
for directional spreading through 𝐻𝑚0,𝐿𝐹 . This section derives such an 

expression. First, key parameters and their correlations are analyzed. 
Next, assuming variable independence, the influence of individual wave 
parameters is demonstrated by introducing them sequentially. Third, 
the existing expression for the oblique wave attack influence factor is 
verified for shallow water. Finally, several expressions with increasing 
complexity are derived using a nonlinear optimization method.

6.1. Selection of explanatory variables

Here, correlations between the potential explanatory variables are 
verified (see Fig.  15). While complete independence between variables 
cannot always be achieved, it is generally preferred, as this allows 
the physical process to be represented by a single (non-)dimensional 
parameter. Moreover, independent parameters prevent a behavior from 
being captured indirectly by ‘‘wrong’’ parameters, making it harder to 
include other processes in the expression later on. The wave variables 
selected in this section are known to be relevant in shallow water, as 
demonstrated in the variable assessment by De Ridder et al. (2024).

First, the normalization of the relative crest height is discussed. 
The crest height can be normalized with 𝐻𝑚0 or 𝐻𝑚0,𝐻𝐹 . The first 
would contain a normalization with all wave energy, whereas the latter 
mainly contains the short-waves that actually overtop the structure. 
In the upper panels (Panels A, B, and C), both ways of normalization 
are shown as a function of 𝑠𝑚−1,0,𝐻𝐹  or 𝑠𝑚−1,0. These panels show that 
for approximately the same relative crest height, the data points have 
a more or less straight line when using the 𝐻𝑚0,𝐻𝐹  in the relative 
crest height (Panel A), especially for the lower relative crest height 
(𝑅𝑐∕𝐻𝑚0 ≈ 1). When using 𝐻𝑚0, the data points increase for an 
increasing 𝑠𝑚−1,0 (Panel B), because 𝐻𝑚0,𝐿𝐹  increases for a decreasing 
𝑠𝑚−1,0,𝐻𝐹 . The same is observed when 𝐻𝑚0 and 𝑠𝑚−1,0 is applied (Panel 
C). When the effect of 𝐻𝑚0,𝐿𝐹  is accounted for in the expression, it 
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Fig. 15. Correlations between several wave parameters. Panels A, B, and C show the (short-) wave steepness as a function of the relative crest height. Panels 
D and E show the short-wave steepness as a function of the ratio of low-frequency wave height, where the colors represent the directional spreading. Panel D 
and E show the correlation between short-waves and low-frequency waves, where the color represents the directional spreading (Panel D) and the correlation 
between the short and long waves. Panel F shows the short-wave steepness as a function of the relative depth, where the colors represent the normalized water 
depth. Panel G shows the short-wave steepness as a function of the number of overtopping events, with the relative crest height as color. Panel H shows the 
short-wave steepness as a function of the wave steepness with the directional spreading as colors. Panel I shows the adjusted relative crest height as a function 
of the short-wave steepness, with the low-frequency ratio as color.

is preferred that it does not affect the relative crest height itself, and 
therefore, 𝐻𝑚0,𝐻𝐹  is preferred.

Second, the correlation between the ratio of 𝐻𝑚0,𝐿𝐹  and 𝑠𝑚−1,0,𝐻𝐹
is lower than found for long-crested wave conditions (De Ridder et al., 
2024, Panel D). The variation in 𝜎𝜃,0 results in more variation for the 
same 𝑠𝑚−1,0,𝐻𝐹 . This increased spreading makes it easier to distinguish 
between the effects of 𝐻𝑚0,𝐿𝐹  and 𝑠𝑚−1,0,𝐻𝐹  with the current dataset.

Third, it is verified whether the low-frequency waves result in an 
increase of 𝑞∗ by plotting the correlation (𝜌𝜂𝐿𝐹𝐴, Pearsons’s correla-
tion (Pearson, 1895)) between the low-frequency waves (𝜂𝐿𝐹 ) and 
the short waves envelope (𝐴, Panel E). In deeper water, where this 
correlation is negative, meaning that the largest short waves are on 
top of the trough of the low-frequency wave (reducing the maximum 
crest height), whereas this correlation is positive in the surfzone, with 
short waves on top of the crest of the low-frequency wave. Panel 
E shows that for all conditions with a significant amount of low-
frequency energy, this correlation is positive, meaning that for all these 
conditions, the short waves travel on top of the crest of the low-
frequency wave. Therefore, low-frequency waves likely increase 𝑞∗ (see 
also Section 5.2).

Fourth, 𝐻𝑚0,𝐿𝐹  (see Fig.  8) and other hydrodynamic variables (see 
Fig.  6) are dependent on 𝑘ℎ. In Panel F, it is shown that for shallow 
water, 𝑘ℎ and 𝑠𝑚−1,0,𝐻𝐹  are highly correlated, making 𝑠𝑚−1,0,𝐻𝐹  also 
a relevant variable to include in the expression when considering 

shallow water. In addition, the effect of different definitions of the 
wave steepness is shown in Panel G. The distinction between short and 
long waves is not relevant for sea states with significant directional 
spreading, as the low-frequency growth is limited. However, for sea 
states without significant directional spreading, differences in the wave 
steepness are observed, making the 𝑠𝑚−1,0,𝐻𝐹  the preferred variable.

Fifth, the effect of the relative crest height and 𝑠𝑚−1,0,𝐻𝐹  on the 
number of overtopping events is shown in Panel H, showing that both 
variables affect the 𝑃𝑜𝑣. For low 𝑠𝑚−1,0,𝐻𝐹  conditions with a low relative 
crest height, up to 60% of the waves cause overtopping, whereas 
higher crest heights result in significantly fewer overtopping events. 
As 𝑞 is largely dependent on 𝑃𝑜𝑣, this illustrates that both 𝑅𝑐∕𝐻𝑚0 and 
𝑠𝑚−1,0,𝐻𝐹  are the most important variables for 𝑞.

Thus, a relative crest height defined in terms of 𝐻𝑚0,𝐻𝐹 , with a 
𝑠𝑚−1,0,𝐻𝐹  and 𝐻𝑚0,𝐿𝐹 , is the preferred set of variables. The dependency 
of these variables are illustrated in Panel I with the relative crest 
height adjusted with 𝐻𝑚0,𝐻𝐹 . Thus, for conditions with significant 
low-frequency wave energy, the relative crest is reduced.

6.2. Step-by-step approach

To illustrate the development of the proposed expression for 𝑞∗, 
variables are introduced sequentially (Fig.  16), under the assumption 
that all variables are independent. Results are shown for both the 
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Fig. 16. 𝑞∗ as a function of 𝑠𝑚−1,0,𝐻𝐹  (panel A), 𝑅𝑐∕𝐻𝑚0𝑠0.3𝑚−1,0 (Panel B), 𝑅𝑐∕𝐻𝑚0,𝐻𝐹 𝑠0.5𝑚−1,0 (Panel C), and (𝑅𝑐 −𝐻𝑚0,𝐿𝐹 )∕𝐻𝑚0,𝐻𝐹 𝑠0.5𝑚−1,0 (Panel D) for both DB-2025 
and SF-2024.

present dataset (DB-2025) and the dataset described by De Ridder 
et al. (2024, SF-2024). The same analysis is performed for the ℎ2% in 
Appendix  H.

The first step combines 𝑠𝑚−1,0,𝐻𝐹  with 𝑅𝑐∕𝐻𝑚0, which leads to a 
substantial improvement in the fit (Panels A and B). A power of 0.3 for 
𝑠𝑚−1,0,𝐻𝐹  is required to reduce scatter, resulting in an 𝑅2 of 0.84 for 
DB-2025.

However, as argued in Section 6.1, normalization with 𝐻𝑚0,𝐻𝐹  is 
preferred. This adjustment is implemented in Panel C, where 𝐻𝑚0 is 
replaced by 𝐻𝑚0,𝐻𝐹 . Consequently, the exponent of 𝑠𝑚−1,0,𝐻𝐹  is in-
creased to 0.5. Although this step does not improve overall accuracy, it 
clarifies the influence of 𝐻𝑚0,𝐿𝐹  (Panel C). Moreover, this modification 
is essential for combining the two datasets. While adjusting coefficients 
can improve the fit for one dataset when using 𝐻𝑚0, it does not yield 
satisfactory results for both datasets simultaneously.

In Panel D, the effect of 𝐻𝑚0,𝐿𝐹  is incorporated into the relative crest 
height, resulting in an 𝑅2 of 0.89 for DB-2025. Data points with high 
values of 𝑞∕

√

𝑔𝐻3
𝑚0,𝐻𝐹  predominantly occur in shallow water, where 

low-frequency energy effects are most pronounced. In contrast, smaller 
𝑞∗ are generally associated with deeper water depths, leading to lower 
values of 𝐻𝑚0,𝐿𝐹 . The remaining scatter at low 𝑞∗ is likely attributable 
to measurement uncertainty, which is relatively large for small 𝑞∗.

6.3. Effect oblique waves

The effect of oblique waves is quantified using an influence factor 
(𝛾𝛽), obtained by comparing the 𝑞∗ for normally incident waves (𝑞∗𝜃𝑚=0) 
with the oblique wave tests (𝑞∗𝜃𝑚>0) for the same set of conditions. A 

direct comparison is not possible as nearshore wave conditions differ 
between the tests. Therefore, an exponential fit, Relating 𝑞∗ to the 
relative crest height (𝑅∗

𝑐 ) defined as

𝑅∗
𝑐 =

𝑅𝑐

𝐻𝑚0𝑠0.3𝑚−1,0,𝐻𝐹

,

was applied to tests without oblique waves and compared to the 
corresponding test with oblique wave attack (𝜎𝜃 = 10◦ and 𝐻𝑚0 > 0.10
m). 𝐻𝑚0,𝐿𝐹  is not included in this analysis, as the number of data points 
is limited and only one value of the directional spreading is used. Using 
this relationship between 𝑞∗ and 𝑅∗

𝑐 , the expected 𝑞∗ for oblique wave 
tests was computed based on the nearshore conditions. This analysis 
was performed for overtopping Box 1 (EMS03), Box 4 (EMS09) and 
Box 6 (EMS08), providing variation in wave directions as Boxes 4 and 
6 are located in the shadow zone (thus also have lower 𝐻𝑚0). The ratio 
ln 𝑞∗𝜃𝑚=0∕ ln 𝑞

∗
𝜃𝑚>0

 yields an estimate of the influence factor (𝛾𝛽), shown in 
Fig.  17 as a function of nearshore wave direction. This approach is only 
applicable to an overtopping formulation where no additional variables 
are in front of the exponent or when powers are applied to the relative 
crest, which is the case for the expressions in this manuscript (See also 
the appendix of Van Gent, 2022).

Although this method provides only a rough estimate, the results 
reveal a clear trend: the influence factor decreases with increasing wave 
obliquity. For all points with a wave direction larger than 20◦, the 
reduction factor is smaller than 1. The results from Boxes 4 and 6 
(EMS09 and EMS08) show that for a smaller wave direction, the effect 
is minimal with 𝛾𝛽 close to one. Also, the scatter for these boxes is larger 
as 𝑞∗ is lower for these boxes, making the measurement error relatively 
larger.
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Fig. 17. Influence factor for the wave direction (𝛾𝛽 ) as function of the 
nearshore wave directions. Results are obtained from the tests with oblique 
wave attack at overtopping box 1 (EMS06), 4 (EMS09), and 6 (EMS08). Violin 
plots are shown for wave direction between: 0–10, 10–20, 20–25, and 25–3◦. 
The influence factor of van Gent and van der Werf (2019) is shown by a red 
curve.

The formulation of (𝛾𝛽 = 0.65 cos2 (|𝜃|) + 0.35, van Gent and van der 
Werf, 2019) is capturing the trend reasonably well, suggesting that the 
same influence factor is also valid for shallow water.

6.4. Expression for the mean overtopping discharge

Several expressions are fitted using a nonlinear optimization method 
(Levenberg–Marquardt algorithm Levenberg, 1944; Marquardt, 1963) 
that minimizes the sum of the squares of the differences between the 
observation and the prediction. To take the measurement uncertainty 
into account, the standard deviation of 𝑞 (see Section 3.4.1) is included 
as a weight for the DB-2025 tests. For the SF-2024 tests, an estimate of 
the std. given by 𝑞∗∕10 is applied. A bootstrapping technique is applied 
to obtain a robust estimate of the coefficient. Every fit is performed 
150 times with a dataset of 𝑁 elements from the total dataset, with 𝑁
elements meaning that entries can be present multiple times or not at 
all. The mean coefficient is applied as a final estimate, and the 95% 
percentile of the coefficients is shown in Appendix  G for two relevant 
expressions, showing the influence of the coefficient. Moreover, the 
roughness factor is set to a constant value of 0.55.

The final expressions are evaluated for four different subsets: the 
experiment described in this manuscript with normal incident waves 
(DB-2025, 𝜃𝑚 = 0), the experiment described in this manuscript with 
oblique incident waves (DB-2025, 𝜃𝑚 > 0), the experiments in De Rid-
der et al. (2024) (SF-2024), and the combined dateset. The final fit is 
based on subsets DB-2025 (with 𝜃𝑚 = 0) and SF-2024 with only 𝑞∗
larger than 10−5. The DB-2025 dataset better captures the influence 
of 𝐻𝑚0,𝐿𝐹 , as it is an independent variable, whereas DF-2024 includes 
more variations in 𝑅𝑐∕𝐻𝑚0.

In Table  8, the accuracy of several expressions fitted on the entire 
dataset are shown for the various subsets. These results highlight a 
few important findings. First, only considering the relative crest height 
gives a poor estimate with an 𝑅2 = 0.47 (RMSLE of 0.87) for all the 
data points. Including 𝑠𝑚−1,0 significantly improves the accuracy with 
an 𝑅2 = 0.75 (RMSLE of 0.60). As shown in De Ridder et al. (2024), 
𝑠𝑚−1,0,𝐻𝐹  results in even a higher accuracy (𝑅2 = 0.83 and RMSLE =
0.50). When the fit would have been performed on purely the DB-2025 
data, the effect of the type of wave steepness is less pronounced (not 
shown), but when the flume experiments are included with significant 
energy at the low-frequency part, the short-wave steepness is preferred.

In Eq. (29), the effect of oblique waves is demonstrated by neglect-
ing the influence factor for oblique waves leading to a significantly 

higher error for the 𝜃𝑚 > 0 tests. The 𝑅2 increases from 0.22 (RMSLE 
= 0.94) to 0.73 (RMSLE = 0.55) when 𝛾𝛽 is included.

To account for 𝐻𝑚0,𝐿𝐹 , three formulations are proposed where 
𝑅𝑐∕𝐻𝑚0,𝐻𝐹  is adjusted with 𝐻𝑚0,𝐿𝐹 . An expression using 𝑠𝑚−1,0, an 
expression using 𝑠𝑚−1,0,𝐻𝐹 , and an expression using 𝑠𝑚−1,0,𝐻𝐹  in combi-
nation with 𝐻𝑚0,𝐻𝐹  as normalization are applied. In contrast to De Rid-
der et al. (2024), the roughness factor is included as a factor in front 
𝑅𝑐 − 𝐻𝑚0,𝐿𝐹 ∕𝐻𝑚0 to make the roughness factor independent of the 
relative crest definition.

When using 𝑠𝑚−1,0 and 𝐻𝑚0,𝐿𝐹  as shown in Eq. (30), the accu-
racy does not improve compared to Eq. (28), most likely because 
the low-frequency contribution is accounted for twice, both in 𝑠𝑚−1,0
and 𝐻𝑚0,𝐿𝐹 . The expression including 𝑠𝑚−1,0,𝐻𝐹  (Eq. (31)) shows an 
improvement with Eq. (28). For the combined dataset the effect is 
minimal with a 𝑅2 = 0.84, but for the DB-2025 (𝜃𝑚 = 0) dataset 
the improvement is more significant (𝑅2 = 0.85). A second small 
improvement is found when using 𝐻𝑚0,𝐻𝐹  as normalization (Eq. (32)). 
As shown in Fig.  15, this normalization results in more independent 
variables, making the formulation more robust.

Thus Eq. (32) is the preferred equation when accounting for 𝐻𝑚0,𝐿𝐹
and thereby accounting for 𝜎𝜃,0. However, Eq. (28) is also relatively 
accurate (see also Fig.  18) and can be applied when 𝐻𝑚0,𝐿𝐹  is not avail-
able. These formulations are available at the Coastal Structures Tool-
box: https://deltares-coastal-structures-toolbox.readthedocs.io/en/stable/.

The proposed formulations are valid for shallow water (ℎ∕𝐻𝑚0 =
1.41 − 2.15 for DB-2025) with sea states with 𝑠𝑚−1,0,𝐻𝐹 = 0.012–0.049, 
𝜃𝑚 = 0–030◦ and 𝜎𝜃 = 8–25◦. Moreover, the findings are valid for gentle 
sloping profiles and relative crest height between 0.98 and 1.94. It 
should not be applied in deep water or extremely shallow water where 
only the low-frequency waves cause the wave overtopping.

7. Discussion

One of the difficulties of fitting an empirical formulation is the 
dependence between variables. While variations in hydrodynamic pa-
rameters (e.g., 𝐻𝑚0,𝐿𝐹 ) span the full parameter space, covering 𝑘ℎ, 𝜎𝜃,0, 
and 𝑠𝑚−1,0,𝐻𝐹 , and therefore make those findings broadly applicable, 
the parameters relevant to 𝑞∗ do not cover the entire parameter space. 
Furthermore several parameters are correlated, complicating efforts 
to isolate individual effects. In the De Ridder et al. (2024) dataset, 
for example, low-frequency wave effects were difficult to separate 
because they were strongly correlated with 𝑠𝑚−1,0,𝐻𝐹 . In contrast, the 
new dataset provides a more reliable basis for fitting a formulation, 
as this correlation is reduced due to variations in 𝜎𝜃 . Furthermore, 
most data points share a similar relative crest height because 𝐻𝑚0
remains relatively constant under depth-limited conditions, making the 
variation in 𝑅𝑐∕𝐻𝑚0 limited. Therefore, it is recommended to verify 
the formulation also for more variations in relative crest height. This 
would also help to confirm the role of low-frequency waves for smaller 
overtopping volumes, as their influence in the current dataset is most 
pronounced for larger volumes.

The results also show that several processes affect the wave over-
topping in shallow water, making it harder to account for all these 
processes in one empirical expression. Therefore, it is hypothesized 
that the accuracy of a simple empirical expression for shallow water 
has an upper limit. Next to empirical formulations, other methods are 
available to obtain the 𝑞 for more complex cases, using, for example, 
machine learning techniques (e.g. Mares-Nasarre et al., 2021; Den Bie-
man et al., 2021), numerical models (e.g. Chen et al., 2022; Irías Mata 
and Van Gent, 2023) and probabilistic models (Mares-Nasarre, 2025). 
It is therefore also recommended to verify or expand these methods for 
shallow water conditions.

The effect of wave direction on wave overtopping is shown (Fig.  17), 
but the amount of scatter in the present data set with shallow foreshores 
is significant. Several reasons are identified that cause this scatter. First, 
in contrast to deep water, it is difficult to obtain the same nearshore 
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Table 8
Overview of RMSLE and 𝑅2 for various equations and datasets.
 Formulation 𝑞∕

√

𝑔𝐻3
𝑚0 or 𝑞∕

√

𝑔𝐻3
𝑚0,𝐻𝐹  [−]

 DB-2025 (𝜃𝑚 = 0) DB-2025 (𝜃𝑚 > 0) SF-2024 All

 RMSLE 𝑅2 RMSLE 𝑅2 RMSLE 𝑅2 RMSLE 𝑅2  
 𝑞
√

𝑔𝐻3
𝑚0

= 0.12 exp
(

−1.72
𝑅𝑐

𝐻𝑚0𝛾𝑓 𝛾𝛽

)

(26) 0.74 0.46 0.84 0.38 0.96 0.46 0.87 0.47 

 𝑞
√

𝑔𝐻3
𝑚0

= 0.20 exp
(

−3.60
𝑅𝑐

𝐻𝑚0𝛾𝑓 𝛾𝛽
𝑠0.14𝑚−1,0

)

(27) 0.51 0.74 0.58 0.70 0.65 0.75 0.60 0.75 

 𝑞
√

𝑔𝐻3
𝑚0

= 0.16 exp
(

−6.93
𝑅𝑐

𝐻𝑚0𝛾𝑓 𝛾𝛽
𝑠0.36𝑚−1,0,𝐻𝐹

)

(28) 0.42 0.82 0.55 0.73 0.54 0.83 0.50 0.83 

 𝑞
√

𝑔𝐻3
𝑚0

= 0.16 exp
(

−6.93
𝑅𝑐

𝐻𝑚0𝛾𝑓
𝑠0.36𝑚−1,0,𝐻𝐹

)

(29) 0.42 0.82 0.94 0.22 0.54 0.83 0.58 0.76 

 𝑞
√

𝑔𝐻3
𝑚0

= 0.16 exp
(

−3.61
𝑅𝑐 − 0.09𝐻𝑚0,𝐿𝐹

𝐻𝑚0

1
𝛾𝑓 𝛾𝛽

𝑠0.14𝑚−1,0

)

(30) 0.51 0.74 0.56 0.72 0.63 0.77 0.58 0.76 

 𝑞
√

𝑔𝐻3
𝑚0

= 0.12 exp
(

−6.55
𝑅𝑐 − 0.18𝐻𝑚0,𝐿𝐹

𝐻𝑚0

1
𝛾𝑓 𝛾𝛽

𝑠0.36𝑚−1,0,𝐻𝐹

)

(31) 0.39 0.85 0.49 0.79 0.52 0.84 0.47 0.84 

 𝑞
√

𝑔𝐻3
𝑚0,𝐻𝐹

= 0.05 exp
(

−10.40
𝑅𝑐 − 0.97𝐻𝑚0,𝐿𝐹

𝐻𝑚0,𝐻𝐹

1
𝛾𝑓 𝛾𝛽

𝑠0.50𝑚−1,0,𝐻𝐹

)

(32) 0.36 0.88 0.56 0.74 0.52 0.86 0.45 0.87 

Fig. 18. Scatter plot Eq. (28) (left) and Eq. (32) (right) for the three subsets. 

wave variables by only varying the wave direction. Both refraction, 
wave breaking, and nonlinear wave interactions will affect nearshore 
wave conditions. Therefore, the correction for these varying nearshore 
variables will result in a larger uncertainty that could be modeled 
with the approach in Mares-Nasarre (2025). Second, determining the 
nearshore wave direction is more difficult than in deep water, resulting 
in larger deviations in the mean direction. A third reason is the fact that 
it is difficult, or nearly impossible, if depth contours are parallel to the 
structure to obtain large wave directions (𝜃𝑚 > 30◦) in shallow water 
because of refraction. Thus, it is difficult to estimate the asymptote for 
large wave directions, making it harder to detect a trend. Nevertheless, 
the current result shows that for 𝜃𝑚 < 30◦, the existing formulations 
seem valid.

The new proposed formulation can be applied to efficiently design 
a coastal structure in shallow water. As the directional spreading is 
not required, the methods to obtain the input parameters are not that 
restrictive. Analytical or empirical formulations, or numerical models 
can be applied to obtain the nearshore wave parameters. For example 
when Eq. (24) is used to estimate 𝐻𝑚0,𝐿𝐹  and applied in Eq. (32), the 𝑅2

reduces to 0.84 for the combined dataset showing that the accumulated 
error is not very significant. For practitioners, it is recommended to use 
a numerical model to simulate the wave propagation over the foreshore 

and to compute the required wave parameters (𝐻𝑚0,𝐿𝐹 , 𝐻𝑚0,𝐻𝐹  and 
𝑇𝑚−1,0,𝐻𝐹 ) from the nearshore wave spectrum.

8. Conclusions and recommendations

Physical model experiments are carried out in a wave basin to in-
vestigate the influence of directional spreading on the non-dimensional 
wave overtopping discharge, 𝑞∗, at rubble mound structures in shallow 
water. The effect of directional spreading is quantified by system-
atically varying wave height, wave steepness, directional spreading, 
and water depth. Additionally, tests with oblique wave conditions are 
conducted to study the effects of wave direction under shallow water 
conditions.

Hydrodynamic results show that wave parameters do not show 
significant variation when varying the directional spreading, except for 
the low-frequency wave energy. The directional spreading decreases 
due to refraction over the foreshore for the conditions with an off-
shore directional spreading larger than 10◦, but increases again in the 
surfzone for most conditions.

Results show that nearshore low-frequency wave height (𝐻𝑚0,𝐿𝐹 ) 
after the shoaling zone is strongly influenced by directional spreading, 
consistent with previous research. A new expression (Eq. (25) in Table 
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8) is proposed to predict the ratio of 𝐻𝑚0,𝐿𝐹  to total wave height 
based on relative water depth, offshore wave steepness, and offshore 
directional spreading, achieving an 𝑅2 of 0.91. Excluding directional 
spreading from the formulation decreases the 𝑅2 to 0.38, showing its 
importance.

The indirect influence of directional spreading on the individual 
overtopping volumes in shallow water through its effect on low-
frequency wave energy is evident. The short waves on top of a low-
frequency crest result in larger overtopping volumes than the short 
waves in the trough with a net increasing effect. This behavior is 
reflected in 𝑞∗, which shows a dependency on 𝐻𝑚0,𝐿𝐹 , in addition to 
the relative crest level and short-wave steepness.

The existing formulations generally capture wave conditions with 
directional spreading reasonably well, with the best performance
achieved by the expression proposed in De Ridder et al. (2024), which 
yields an RMSLE of 0.63. In contrast, the formulation that explicitly 
accounts for directional spreading shows a higher RMSLE of 1.40. 
This discrepancy arises because directional spreading itself does not 
significantly influence wave overtopping, but mainly its influence on 
low-frequency waves affects wave overtopping in shallow water.

The effect of oblique wave directions in shallow water appears sim-
ilar to that observed in deep water. Therefore, the existing formulation 
by van Gent and van der Werf (2019) are recommended for application 
in shallow water conditions as well.

Coefficients of Equation 26 in De Ridder et al. (2024) are slightly 
revised using this new dataset, which better isolates the effect of low-
frequency waves as the correlation between short-wave steepness and 
low-frequency height is lower due to imposed variations in directional 
spreading. The revised equations are validated against long-crested 
flume tests and new datasets with both short- and long-crested con-
ditions and also with oblique attack. The expression including the 
low-frequency wave height results in the highest accuracy (𝑅2 = 0.87, 
Eq. (32)), while the expression with only the relative crest and short-
wave steepness also performs accurately (𝑅2 = 0.83, Eq. (28)). The 
former formulation is preferred when reliable low-frequency wave 
height data are unavailable, whereas Eq. (32) is recommended when 
low-frequency waves can be determined accurately. When Eq. (25) is 
used as estimation for 𝐻𝑚0,𝐿𝐹  for Eq. (32), the 𝑅2 reduced to 0.84.

The derived expressions (Eqs. (28) and (32)) are considered valid 
for shallow water conditions with 1.41 < ℎ∕𝐻𝑚0 < 2.15, thus not for 
deep water conditions at the toe and not for extremely shallow water 
where overtopping is caused by the low-frequency waves rather than 
the short waves.

Because empirical formulations combine all processes into a sin-
gle expression, it is recommended to validate numerical models for 
shallow-water conditions and to use these models when more detailed 
predictions are needed.
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Appendix A. Wave overtopping formulations

The formulation as proposed by De Ridder et al. (2024) with only 
wave steepness and wave height is (their Eq. (24)), 

𝑞
√

𝑔𝐻3
𝑚0

= 1.27 exp
(

−5.05
𝑅𝑐

𝐻𝑚0𝛾𝑓
𝑠0.12𝑚−1,0

)

(A.1)

and with 𝑠𝑚−1,0,𝐻𝐹 , 𝐻𝑚0, and 𝐻𝑚0,𝐿𝐹  is (Their Eq. (26)), 
𝑞

√

𝑔𝐻3
𝑚0

= 0.50 exp
(

−7.91
𝑅𝑐 − 0.21𝐻𝑚0,𝐿𝐹

𝐻𝑚0𝛾𝑓
𝑠0.30𝑚−1,0,𝐻𝐹

)

(A.2)

Altomare et al. (2016) also performed experiments with extremely 
shallow foreshores with a foreshore slope of 1:35 and 1:50. Based on 
these results, they used Eq.  (7) by including an equivalent slope (𝛿) 
concept in the breaker parameter instead of the actual slope(𝛼) where 
this equivalent slope is given by, 

tanh 𝛿 =
1.5𝐻𝑚0 + 𝑅𝑢2%

(1.5𝐻𝑚0 − ℎ) cot 𝑚 + (ℎ + 𝑅𝑢2%) cot 𝛼
(A.3)

where 𝑚 is the foreshore slope and 𝑅𝑢2% is the wave run-up level 
exceeded by 2% of the incident waves given by, 
𝑅𝑢2%
𝐻𝑚0

=

(

4 − 1.5
√

𝜉𝑚−1,0

)

(A.4)

As the breaker parameter is related to the 𝑅𝑢2%, the solution has to be 
found iteratively.

Appendix B. Second-order steering

Because low-frequency waves strongly influence overtopping dis-
charges, it is essential to generate them accurately in the basin. To 

Fig. B.19. Correlation between short-wave groups and low-frequency waves 
(𝜌, Panel A) and low-frequency wave height (𝐻𝑚0,𝐿𝐹 , Panel B) for three 
locations in the basin.
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Fig. C.20. Comparison of the measured wave parameters (𝐻𝑚0,𝐻𝐹 , 𝐻𝑚0,𝐿𝐹  and 𝐻2%) and the incident wave parameter for several decomposition methods (columns) 
in deep water.

verify this, the results from a test with first- and second-order steering 
are compared. Fig.  B.19 shows the correlation between short-wave 
groups and low-frequency waves (Panel A) and the low-frequency wave 
height (Panel B) at three locations. The second-order tests produce 
higher low-frequency wave heights offshore, showing that spurious 
waves are absent, and lower low-frequency wave heights nearshore, 
where only the bound wave exists. This is reflected in the slightly more 
negative correlation coefficient for the second-order steering suggesting 
that the generation correctly minimize the spurious wave.

Appendix C. Analyze methods

A comparison of several decomposition methods in both deep and 
shallow water for relevant wave parameters is shown in Figs.  C.20 and
C.21. 

Appendix D. Refraction oblique waves

Fig.  D.22 illustrates refraction for tests with oblique waves, compar-
ing deep-water conditions (GRSM01) with two shallow water locations: 
EMS03 (mid-foreshore) and EMS06 (at the foreshore end). Panel A 
shows the refraction ratio (sin 𝜃1∕ sin 𝜃0) as a function of the wave 
celerity ratio, where celerity is computed as 𝑐 = 𝜔𝑝∕𝑘𝑝 with 𝑘𝑝 ob-
tained from the dispersion relation. Panel B presents the absolute wave 
directions, with the 1:1 line representing Snell’s law based on the linear 
dispersion relation. Although the match is not perfect, the overall trend 
is consistent with theoretical expectations. Nearshore wave directions 
vary between 20◦ and 30◦ (squares in Panel B). The considerable scatter 
observed is attributed to uncertainty in the cross-spectral analysis, 
particularly in shallow water.

Appendix E. Effect foreshore

To illustrate the combined influence of the foreshore and the struc-
ture on mean wave overtopping, Fig.  E.23 presents 𝑞∗ as a function 
of 𝑅∗

𝑐 , computed using deep-water variables. Panel A shows the effect 
of wave steepness (𝑠𝑚−1,0,𝑑𝑒𝑒𝑝), Panel B shows the directional spread-
ing (𝜎𝜃,0), Panel C illustrates non-dimensional water depth (based on 
𝐻𝑚0,𝑑𝑒𝑒𝑝 and ℎ), and Panel D displays wave direction (𝜃𝑚,0). Variations 
in wave steepness result in changes in 𝑞∗ by a factor of 10 or more, 
highlighting its relevance. Directional spreading also affects overtop-
ping, though to a lesser extent, with variations on the order of a factor 
of 1 to 5. Water depth exerts a significant influence as well, producing 
differences of approximately a factor of 10.

Appendix F. Effect directional spreading on mean overtopping 
discharge

The effect of 𝜎𝜃 is implicitly represented through variations in 
𝐻𝑚0,𝐿𝐹 . Nevertheless, directional spreading itself may also directly 
influence wave overtopping. In Fig.  F.24, values of 𝑞∗ for long-crested 
waves are compared with those obtained under the corresponding 
short-crested conditions, for both deep and shallow water. It is hy-
pothesized that, in shallow water, the influence of 𝐻𝑚0,𝐿𝐹  is dominant, 
whereas this effect is less pronounced in deeper water.

A further distinction can be made between offshore directional 
spreading (only valid for this particular foreshore), as applied by Al-
tomare et al. (2020), and nearshore directional spreading. The influ-
ence factor proposed by Altomare et al. (2020) aligns reasonably well 
with the present dataset (Panels B and D). However, a clearer trend 
emerges when nearshore directional spreading is used, particularly in 
shallow water (Panel C). This trend, however, mainly reflects variations 
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Fig. C.21. Comparison of the measured wave parameters (𝐻𝑚0,𝐻𝐹 , 𝐻𝑚0,𝐿𝐹  and 𝐻2%) and the incident wave parameter for several decomposition methods (columns) 
in shallow water.

Fig. D.22. Refraction of tests with oblique waves with left the refraction value (sin 𝜃1∕ sin 𝜃0) as a function of the celerity ratio and right the absolute direction 
as a function of Snell’s law. The colors of the points show the offshore target direction.

in 𝐻𝑚0,𝐿𝐹 , making it impossible to isolate the effect of directional 
spreading alone.

Two factors contribute to this limitation. First, in deep water (Panel 
A), the number of data points is small and the scatter is large. Second, in 
shallow water, low-frequency wave energy also varies, further compli-
cating the separation of the directional-spreading effect from changes 
in 𝐻𝑚0,𝐿𝐹 .

Appendix G. Confidence intervals for the parameters

For the proposed expression the confidence intervals of the fitted 
parameters are determined with the bootstrap technique. The proposed 
expressions have the following form: 

𝑞∗ = 𝑝1 exp
(

𝑝2
𝑅𝑐

𝐻𝑚0𝛾𝑓
𝑠𝑝3𝑚−1,0,𝐻𝐹

)

(G.1)
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Fig. E.23. Non-dimensional mean overtopping discharge as function of the relative crest height for various wave parameters all based on the deep water value.

Fig. F.24. Ratio of 𝑞∗ for long-crested waves to 𝑞∗ for the corresponding short-crested waves, shown as a function of offshore directional spreading (Panels B and 
D) and nearshore directional spreading (Panels A and C). Panels A and B present the deep-water results, while Panels C and D show the shallow-water results. 
The directional-spreading formulations proposed by Altomare et al. (2020) are included for comparison.
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Fig. H.25. Violin plots for the non-dimensional 2% exceedance water-layer thickness (Panel A, ℎ∗
2% = ℎ2%∕𝐻𝑚0), non-dimensional 2% exceedance individual 

overtopping volume (Panel B, 𝑉 ∗
2% = 𝑉2%∕𝐻2

𝑚0), mean front velocity (Panel C, 𝑢̄), and 2% exceedance front velocity (Panel D, 𝑢2%), compared to the results for 
zero directional spreading. Only tests with more than 50 overtopping events are shown.

Table G.9
95% confidence interval for the parameters in Eqs. (28), and (32).
 Equation 𝑝1 𝑝2 𝑝3 𝑝4  
 Eq. (28) 5% 0.12 −7.75 0.32 –  
 95% 0.22 −5.97 0.41 –  
 Eq. (32) 5% 0.04 −12.58 0.86 0.40 
 95% 0.07 −7.91 1.13 0.59 

or, 

𝑞∗ = 𝑝1 exp
(

𝑝2
𝑅𝑐 − 𝑝3𝐻𝑚0,𝐿𝐹

𝐻𝑚0

1
𝛾𝑓

𝑠𝑝4𝑚−1,0,𝐻𝐹

)

(G.2)

with parameters 𝑝1, 𝑝2, 𝑝3 and 𝑝4. Given these parameters the 95% con-
fidence interval of these expressions are shown in Table  G.9 presenting 
the spread of the parameter.

Appendix H. Wave overtopping individual events

The influence of 𝜎𝜃,0 on ℎ2%, 𝑉2%, 𝑢̄, and 𝑢2% is shown in Fig.  H.25. 
The variables ℎ2% and 𝑉2% were normalized, whereas the velocities 
were not. This is because velocity normalization with 

√

𝑔ℎ is typically 
applied, and 

√

𝑔ℎ remains constant for the different values of 𝜎𝜃,0.
The results indicate that both ℎ2% and 𝑉2% depend on 𝜎𝜃,0, showing 

decreasing mean values for larger 𝜃𝑚,0. In contrast, 𝑢̄ and 𝑢2% show no 
substantial dependency on 𝜎𝜃,0. 

The findings in Fig.  16 are also confirmed for the 2% exceedance 
water-layer thickness in Fig.  H.26. Similar behavior is observed for 
ℎ2%, with the highest 𝑅2 occurring when the normalization includes 
𝐻𝑚0,𝐿𝐹 , 𝑠𝑚−1,0,𝐻𝐹 , and 𝐻𝑚0,𝐻𝐹 , using the same coefficients as applied 
for 𝑞∗ (Panel D). Furthermore, when 𝐻𝑚0,𝐿𝐹  is excluded, the influence 
of 𝐻𝑚0,𝐿𝐹  becomes evident: cases with substantial 𝐻𝑚0,𝐿𝐹  exhibit larger 
ℎ2%∕𝐻𝑚0, demonstrating that the effect of 𝜎𝜃,0 on ℎ2% also occurs 
through 𝐻𝑚0,𝐿𝐹  (Panel C). Similar trends were found for 𝑉2%∕𝐻2

𝑚0.

Glossary

 𝛼 Structure slope [−].  
 𝛾𝑓 Roughness factor [−].  
 𝛾𝛽 Influence factor for oblique waves [−].  
 𝜂𝐿𝐹 Low-pass band filtered time series [m].  
 ⟨𝜂⟩ Wave setup [m].  
 𝜉𝑚−1,0 Iribarren number of structure slope based on 𝐻𝑚0 and 

𝑇𝑚−1,0 [−] ( tan 𝛼
√

2𝜋𝐻𝑚0∕(𝑔𝑇 2
𝑚−1,0)

).
 

 𝜃 Wave direction [◦].  
 𝜃𝑚 Mean wave direction [◦].  
 𝜃𝑚,0 Offshore mean wave direction [◦].  
 𝜌𝜂𝐿𝐹𝐴 Correlation between low-frequency signal and 

short-wave envelope [−].
 

 𝜎𝜃 Directional spreading [◦].  
 𝜎𝜃,0 Offshore directional spreading [◦].  
 𝐴 Short-wave group envelope [m].  
 𝑐 Wave celerity [m/s].  
 𝐷𝑛50 Nominal stone diameter (50th quantile of the stone 

size distribution) [m].
 

 𝑓 Frequency [Hz].  
 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 Cutoff frequency [Hz].  
 ℎ Water depth [m].  
 ℎ2% 2% exceedance water layer thickness in terms of 

incident waves.
 

 𝐻2% Incident 2% exceedance wave height at the toe of the 
structure [m].

 

 ℎ𝑐𝑟𝑒𝑠𝑡 Crest level with respect to the flume floor [m].  
 ℎ𝑖 Individual water layer thickness [m].  
 𝐻𝑚0 Incident significant wave height [m].  
 ℎ𝑑𝑒𝑒𝑝 Offshore water depth [m].  
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Fig. H.26. ℎ2%∕𝐻𝑚0 as a function of 𝑠𝑚−1,0,𝐻𝐹  (Panel A), 𝑅𝑐∕(𝐻𝑚0𝑠0.3𝑚−1,0) (Panel B), 𝑅𝑐∕(𝐻𝑚0,𝐻𝐹 𝑠0.5𝑚−1,0) (Panel C), and (𝑅𝑐 −𝐻𝑚0,𝐿𝐹 )∕(𝐻𝑚0,𝐻𝐹 𝑠0.5𝑚−1,0) (Panel D). 

 𝐻𝑚0,𝑑𝑒𝑒𝑝 Offshore incident significant wave height [m].  
 𝐻𝑚0,𝐻𝐹 Incident high-frequency wave height based on a 

cutoff-frequency at the toe of the structure [m].
 

 𝐻𝑚0,𝐿𝐹 Incident low-frequency wave height based on a 
cutoff-frequency at the toe of the structure [m].

 

 𝑘 Wave number associated to 𝑇𝑚−1,0 and ℎ, through the 
dispersion relation [rad/m].

 

 𝑚 Tangent of foreshore slope [−].  
 𝑃𝑜𝑣 Number of overtopping waves divided by the total 

number of waves [−].
 

 𝑞 Mean overtopping discharge [m3/s/m].  
 𝑞∗ Non-dimensional mean overtopping discharge [−].  
 𝑅𝑐 Crest height above still water level (Freeboard) [m].  
 𝑅∗

𝑐 Non-dimensional relative crest height [−] (𝑅𝑐∕𝐻𝑚0).  
 𝑅𝑢2% 2% exceedance runup level [m].  
 𝑠 Power in the 2-cosine directional spreading function 

[−].
 

 𝑠𝑚−1,0 Wave steepness based on the 𝐻𝑚0 and 𝑇𝑚−1,0 [−] 
(2𝜋 𝐻𝑚0

𝑔𝑇 2
𝑚−1,0

).
 

 𝑠𝑚−1,0,𝑑𝑒𝑒𝑝 Offshore wave steepness based on the 𝐻𝑚0,𝑑𝑒𝑒𝑝 and 
𝑇𝑚−1,0,𝑑𝑒𝑒𝑝 [−] (2𝜋

𝐻𝑚0,𝑑𝑒𝑒𝑝
𝑔𝑇 2

𝑚−1,0,𝑑𝑒𝑒𝑝
).

 

 𝑠𝑚−1,0,𝐻𝐹 Wave steepness based on the 𝐻𝑚0,𝐻𝐹  and 𝑇𝑚−1,0,𝐻𝐹

[−] (2𝜋 𝐻𝑚0,𝐻𝐹
𝑔𝑇 2

𝑚−1,0,𝐻𝐹
).

 

 𝑇𝑚−1,0 Incident spectral period at the structure’s toe [s].  
 𝑇𝑚−1,0,𝐻𝐹 Incident spectral period of the short waves at the 

structure’s toe [s].
 

 𝑢𝑖 Individual front velocity [m/s].  
 𝑢2% 2 % exceedance front velocity [m/s].  
 𝑉𝑖 Individual overtopping volume [m3/m].  
 𝑉2% 2 % exceedance individual overtopping volume 

[m3/m].
 

Data availability

Data will be made available on request. The proposed formulations 
are available as Python functions at the Coastal Structures Toolbox: 
https://deltares-coastal-structures-toolbox.readthedocs.io/en/stable/.
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