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 A B S T R A C T

Wave overtopping can cause severe erosion on the crest and landward slope of a dike. Accurate erosion 
prediction requires resolving the spatiotemporal evolution of overtopping flow, which remains insufficiently 
understood. This study investigates the behavior of overtopping flow along the crest and landward slope using 
a new, efficient numerical model based on the Steep-Slope Shallow Water Equations. The model was validated 
against measurements from field experiments using a wave overtopping simulator.

The model was applied to a typical dike geometry (𝐵𝑐 = 5 m; tan(𝛼) = 1V:3H), where the overtopping 
flow is imposed at the waterside crest line based on a schematization using empirical equations from literature 
and insights from small-scale overtopping experiments. The spatiotemporal evolution of the flow was analyzed 
along the crest and landward slope for different overtopping volumes. The flow was observed to stretch in 
time along both the crest and slope while the wavefront steepens, causing the peak flow thickness (ℎ𝑝𝑒𝑎𝑘) to 
decrease significantly. The peak flow velocity (𝑢𝑝𝑒𝑎𝑘) decreases along the crest but initially accelerates on the 
slope due to gravitational forcing. As the flow becomes progressively thinner and faster downslope, frictional 
forcing increases, reducing the acceleration. Eventually, gravitational and frictional forces balance, causing 
𝑢𝑝𝑒𝑎𝑘 to decelerate and then decrease.

Overall, the model captures key spatiotemporal dynamics such as flow stretching, wavefront steepening, 
and deceleration of 𝑢𝑝𝑒𝑎𝑘 on long slopes, which are absent in time-independent analytical models. It offers 
a computationally efficient approach that provides a practical middle ground between simplified analytical 
methods and full CFD simulations.
1. Introduction

Erosion caused by wave overtopping is one of the dominant failure 
modes for dikes. To protect against this erosion, the crest level and 
landward slope are carefully designed to prevent breaching under 
normative storm conditions. Erosion modeling plays a key role in the 
design process by predicting the expected erosion damage during such 
events.

For the interaction between overtopping waves and the grass cover 
on the crest and landward slope, several erosion models have been 
developed (Hughes and Shaw, 2011; van der Meer et al., 2011; van 
Bergeijk et al., 2021). These models generally assume that the erosion 
damage caused by an individual overtopping wave is time-dependent 
and driven by the extent to which the loading exceeds a critical thresh-
old (Dean et al., 2010). Specifically, both the duration of exceedance 

∗ Corresponding author at: Department of Civil Engineering and Management, University of Twente, Enschede, The Netherlands.
E-mail address: N.vanderVegt@utwente.nl (N. van der Vegt).

and the magnitude of the excess loading contribute to the total erosion 
damage. To apply these erosion models effectively, it is crucial to know 
how overtopping flow evolves along the slope and to be able to resolve 
the spatiotemporal evolution of the flow velocity 𝑢 and thickness ℎ for 
any given overtopping volume.

Several studies have examined overtopping flow characteristics 
along the crest and landward slope. Most of these have focused on 
peak flow parameters, such as the peak flow velocity (𝑢𝑝𝑒𝑎𝑘) and peak 
flow thickness (ℎ𝑝𝑒𝑎𝑘), defined as the local maxima of velocity and 
thickness of the overtopping flow at a given position along the crest 
or slope. A subset of studies developed analytical models (Schüttrumpf 
and Oumeraci, 2005; van Bergeijk et al., 2019) that estimate 𝑢𝑝𝑒𝑎𝑘 from 
simplified continuity and momentum equations. To obtain analytical 
solutions, these models assume a constant discharge 𝑞 at 𝑢𝑝𝑒𝑎𝑘 along 
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the crest and landward slope, neglecting any time-dependent changes in 
𝑞. This simplification can lead to an overestimation of momentum and 
thus of 𝑢𝑝𝑒𝑎𝑘, particularly for smaller overtopping volumes (van Bergeijk 
et al., 2019). The peak flow thickness, ℎ𝑝𝑒𝑎𝑘, is typically derived 
from the continuity equation, assuming that 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 coincide. 
However, Hughes and Thornton (2016) and Hughes (2017) observed a 
time lag between 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘, indicating that this assumption is not 
always valid. While these analytical models are physics-based and allow 
rapid estimation of 𝑢𝑝𝑒𝑎𝑘, they offer limited insight into the underlying 
flow physics and do not resolve the full spatiotemporal evolution of 𝑢
and ℎ.

Other studies have examined wave overtopping using computa-
tional fluid dynamics (CFD) models such as OpenFOAM, DualSPHysics, 
or SWASH (Gruwez et al., 2020; Altomare et al., 2021; Chen et al., 
2021, 2022; van Bergeijk et al., 2022; Schrama et al., 2026). These 
models can resolve the full spatiotemporal evolution of 𝑢 and ℎ (van 
Bergeijk et al., 2022). However, they typically require a deep under-
standing of CFD, extensive calibration, and several hours of compu-
tation time. While once set up, such models can offer opportunities 
for further insight into the physics of overtopping flows, they are 
less suitable for quick calculations. For example, to quickly estimate 
the hydraulic loading needed to predict erosion for a whole range of 
different overtopping volumes and dike geometries.

The objective of this study is to improve the understanding of wave 
overtopping flow dynamics along the dike crest and landward slope. 
The new insights gained in this study help dike engineers to make 
design choices about the geometry of the crest and landward slope 
and support the further development of erosion models. Since neither 
analytical nor CFD models provide a fast and efficient way to obtain the 
spatiotemporal evolution of flow velocity 𝑢 and thickness ℎ for arbitrary 
wave overtopping volumes, this study introduces a numerical model 
based on the Steep-Slope Shallow Water Equations (SSSWE) (Maran-
zoni and Tomirotti, 2022). This model enables efficient simulation of 
the full spatiotemporal evolution of overtopping flows, providing a rela-
tively simple yet effective alternative that overcomes key limitations of 
existing analytical methods while keeping computation times limited.

The structure of this paper is as follows. Because the proposed model 
resolves the temporal evolution of the flow, suitable temporal boundary 
conditions must first be defined. In Section 2, time series of 𝑢(𝑡) and 
ℎ(𝑡) are established at the waterside crest level for a given overtopping 
volume based on literature. In Section 3, a numerical model based on 
the Steep-Slope Shallow Water Equations (SSSWE) is developed and 
validated using data from field experiments. In Section 4, the spa-
tiotemporal behavior of overtopping flow along the crest and landward 
slope is analyzed for different overtopping volumes, followed by a 
sensitivity analysis on the dike geometry. The results are discussed and 
compared with previous studies in Section 5, and the conclusions are 
presented in Section 6.

2. Temporal schematization of overtopping flow at the waterside 
crest line

We start by developing a schematization of the overtopping flow 
at the waterside crest line, which is needed to define the flow at the 
upstream boundary of the model. Specifically, we focus on how the 
time-averaged flow velocity 𝑢0(𝑡) and flow thickness ℎ0(𝑡) evolve and 
depend on the overtopping volume 𝑉𝑇  and waterside slope angle 𝛼𝑤.

Ideally, this would be done with large-scale flume experiments. 
However, such datasets are rare, and the limited available datasets (e.g. 
Smith (1994)) lack accurate measurements at the waterside crest line. 
Therefore, this schematization is developed using empirical models 
from the literature and an existing dataset of small-scale overtop-
ping experiments. First, we estimate the peak values of flow velocity 
and thickness (𝑢𝑝𝑒𝑎𝑘,0 and ℎ𝑝𝑒𝑎𝑘,0). Next, we describe how these flow 
characteristics vary over time to obtain 𝑢 (𝑡) and ℎ (𝑡).
0 0

2 
2.1. Peak flow characteristics

In literature, two main approaches exist to predict the peak flow 
velocity (𝑢𝑝𝑒𝑎𝑘,0) and thickness (ℎ𝑝𝑒𝑎𝑘,0) at the waterside crest line. The 
first relates the individual overtopping volume (𝑉𝑇 ) directly to the 
peak flow characteristics. van der Meer et al. (2011) proposed power-
law relationships between 𝑉𝑇 , 𝑢𝑝𝑒𝑎𝑘, and ℎ𝑝𝑒𝑎𝑘, based on measurements 
from overtopping waves generated by a wave overtopping simulator 
(WOS). While the WOS is designed to closely simulate real overtopping 
waves, these relationships remain indirect since they are not directly 
derived from natural overtopping events. Alternatively, Hughes (2017) 
derived empirical equations based on overtopping measurements from 
small-scale tests conducted with deep-water conditions (FlowDike).

The second and more commonly used method relates 𝑢𝑝𝑒𝑎𝑘,0 and 
ℎ𝑝𝑒𝑎𝑘,0 to the run-up exceedance height (𝑅𝑢 − 𝑅𝑐), using a simplified 
energy balance, see Eq. (1) (van der Meer and Klein Breteler, 1991). 
Here, 𝑅𝑐 is the freeboard of the dike, defined as the vertical distance 
between the still water level and the dike crest. 𝑅𝑢 denotes the wave 
run-up height, defined as the vertical distance between the still water 
level and the highest point reached by wave run-up on an infinitely long 
slope. The relation between the peak flow characteristics and the run-
up exceedance height has been studied extensively, as 2% exceedance 
values of wave run-up were long considered standard practice (van 
Gent, 2002; Schüttrumpf and Oumeraci, 2005; Bosman et al., 2009; van 
der Meer et al., 2011, 2012; Formentin et al., 2019). The coefficients 
𝑐𝑢,2% and 𝑐ℎ,2% in these studies have been calibrated primarily using 
small-scale experiments and numerical models. All coefficients are 
included in Appendix  B. 

𝑢𝑝𝑒𝑎𝑘,2%,0 = 𝑐𝑢,2%
√

𝑔
(

𝑅𝑢,2% − 𝑅𝑐
)

ℎ𝑝𝑒𝑎𝑘,2%,0 = 𝑐ℎ,2%
(

𝑅𝑢,2% − 𝑅𝑐
)

(1)

The flow characteristics in Eq. (1) refer to 2% exceedance statistics 
based on all incoming waves. However, under the assumption that run-
up and peak flow characteristics both follow Rayleigh distributions 
(Battjes, 1974; van der Meer et al., 2012; van Damme, 2016), the 
equations can also be applied to individual run-up events without 
modifying 𝑐𝑢,2% (= 𝑐𝑢) and 𝑐ℎ,2% (= 𝑐ℎ).

Next, Eq. (1) can be expressed in terms of the individual overtop-
ping volume 𝑉𝑇 . Hofland et al. (2015) demonstrated that the run-up 
exceedance height (𝑅𝑢−𝑅𝑐) can be related to the 𝑉𝑇  by integrating the 
surface area of the flow above the crest level. Following this approach, 
van Damme (2016) proposed Eq. (2). Where 𝑓𝑣 is a shape factor (2 for 
triangular wave shapes) and 𝑐𝑑 is the gradient in wave run-up thickness, 
taken as 0.055 following van Damme (2016). 

𝑅𝑢 − 𝑅𝑐 =

√

𝑓𝑣 sin
2(𝛼𝑤)

𝑐𝑑 cos(𝛼𝑤)
𝑉𝑇 (2)

In Fig.  1, the equations proposed in the various studies are shown by 
relating 𝑉𝑇  to both 𝑢𝑝𝑒𝑎𝑘,0 and ℎ𝑝𝑒𝑎𝑘,0. For this comparison, a waterside 
slope angle of 1V:4H is used, as it is the only slope within the validity 
range of all equations and a typical slope angle for (sea) dikes. The 
equations derived from measurements of generated overtopping waves 
in the WOS van der Meer et al. (2011) are shown as dotted lines, as they 
cannot be directly compared to the others. For studies that relate peak 
flow characteristics to the run-up exceedance height (𝑅𝑢−𝑅𝑐), the con-
version to 𝑉𝑇  is made by substituting Eq. (2) in Eq. (1). Consequently, 
almost all equations are now in terms of only the overtopping volume 
and the waterside slope angle. The only exception is the equation of 
Hughes (2017) for 𝑢𝑝𝑒𝑎𝑘,0, which also requires the spectral wave period 
(𝑇𝑚−1,0). For this equation, a 𝑇𝑚−1,0 between 4.0 and 7.0 s was assumed, 
representative of storm conditions.

Fig.  1 shows generally good agreement among the different equa-
tions predicting the 𝑢𝑝𝑒𝑎𝑘. A notable exception is the equation by 
Hughes (2017), which predicts relatively low velocities. The equations 
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Fig. 1. Comparison between equations proposed in the literature: (a) equations between 𝑉𝑇  and 𝑢𝑝𝑒𝑎𝑘,0; (b) equations between 𝑉𝑇  and ℎ𝑝𝑒𝑎𝑘,0. The equations of 
van der Meer et al. (2011), shown by the dotted lines, are calibrated on the flow simulated by the wave overtopping simulator.
predicting ℎ𝑝𝑒𝑎𝑘 show larger variation across studies. Notably, the equa-
tions proposed by Schüttrumpf and Oumeraci (2005) and Formentin 
et al. (2019) differ significantly. The discrepancies in Schüttrumpf and 
Oumeraci (2005) can be attributed to differences in experimental setup 
and instrumentation (Schüttrumpf and van Gent, 2003; Bosman et al., 
2009). The equation by Formentin et al. (2019), which yields relatively 
high 𝑢𝑝𝑒𝑎𝑘 values, is based on non-dimensionless data from small-scale 
experiments with a maximum 𝑅𝑢,2%−𝑅𝑐 of 0.55 m. Applying this equa-
tion to the volumes considered here requires substantial extrapolation, 
which may explain the differences for large volumes.

Given these observations, the equation by van der Meer et al. (2012) 
(black line in Fig.  1) is the preferred choice. It is based on a well-
established dataset that combines results from multiple experiments 
(van Gent, 2002; Schüttrumpf and Oumeraci, 2005; Bosman et al., 
2009; van der Meer et al., 2011) and is also included in EurOtop (2018). 
Therefore, this equation is used in the present study to predict 𝑢𝑝𝑒𝑎𝑘,0
and ℎ𝑝𝑒𝑎𝑘,0 at the waterside crest line.

2.2. Temporal schematization

The temporal evolution of an overtopping wave at the waterside 
crest line can be characterized by its duration and shape. We first 
focus on the duration, quantified by the overtopping time (𝑇𝑜𝑣𝑡), for 
which we adopt the equation proposed by Hughes (2017), see Eq. (3). 
This is the only dimensionally consistent formulation, whereas other 
studies propose purely empirical relations of the form 𝑇 = 𝑎𝑉 𝑏 (Bosman 
et al., 2009; Hughes et al., 2012) or equations specific to the wave 
overtopping simulator (van der Meer et al., 2011). 

𝑇𝑜𝑣𝑡 = 15.56

(
√

𝑉𝑇
𝑔

)0.5

(3)

Secondly, the evolution shape describes how flow velocity (𝑢0(𝑡)) 
and flow thickness (ℎ0(𝑡)) change over time within an overtopping 
wave at the waterside crest line. Bosman et al. (2009) proposed a 
triangular shape for both 𝑢0(𝑡) and ℎ0(𝑡), starting at 𝑢𝑝𝑒𝑎𝑘,0 and ℎ𝑝𝑒𝑎𝑘,0
at 𝑡 = 0 and decreasing linearly to zero at 𝑡 = 𝑇𝑜𝑣𝑡. A limitation 
of this model is that the integrated discharge 𝑢0(𝑡) ⋅ ℎ0(𝑡) does not 
necessarily match the overtopping volume 𝑉𝑇 . To address this, Hughes 
and Shaw (2011) introduced exponents 𝑎 and 𝑏, calibrated such that 
the integrated discharge equals 𝑉𝑇 , as shown in Eq. (4). In this study, 
we adopt the same calibration method while assuming 𝑎 = 𝑏, since no 
studies have investigated whether the temporal evolution of 𝑢0(𝑡) differs 
from that of ℎ (𝑡).
0

3 
𝑢(𝑡) = 𝑢𝑝𝑒𝑎𝑘

(

1 − 𝑡
𝑇𝑜𝑣𝑡

)𝑎

ℎ(𝑡) = ℎ𝑝𝑒𝑎𝑘

(

1 − 𝑡
𝑇𝑜𝑣𝑡

)𝑏 (4)

The evolution shapes proposed by Bosman et al. (2009) and Hughes 
and Shaw (2011) assume that 𝑢𝑝𝑒𝑎𝑘,0 and ℎ𝑝𝑒𝑎𝑘,0 occur simultaneously at 
the wavefront (the moment when the maxima occurs 𝑡𝑢𝑝𝑒𝑎𝑘,0 = 𝑡ℎ𝑝𝑒𝑎𝑘,0 = 0
s). However, Hughes (2015) found that 𝑢𝑝𝑒𝑎𝑘,0 and ℎ𝑝𝑒𝑎𝑘,0 often do 
not coincide in time. No studies have yet examined or quantified 
this time lag for large-scale wave overtopping. Data from small-scale 
experiments could be used, but they may not capture the wavefront 
accurately due to limited sampling frequency or measurement device 
inertia, such as with micro-propellers. Nevertheless, a time lag needs to 
be introduced to prevent an infinitely steep wavefront and unrealistic 
flow development in the numerical model.

Therefore, we make an assumption for 𝑡𝑢𝑝𝑒𝑎𝑘,0  and 𝑡ℎ𝑝𝑒𝑎𝑘,0 . It is 
known that 𝑢𝑝𝑒𝑎𝑘,0 occurs near the wavefront and typically before ℎ𝑝𝑒𝑎𝑘,0
(Hughes and Shaw, 2011). To avoid placing 𝑢𝑝𝑒𝑎𝑘,0 at 𝑡 = 0 where 
ℎ0(𝑡) = 0, we introduce a small time lag and set 𝑡𝑢𝑝𝑒𝑎𝑘,0  at 1% of 𝑇𝑜𝑣𝑡. 
Next, we estimate the time lag between ℎ𝑝𝑒𝑎𝑘,0 and 𝑢𝑝𝑒𝑎𝑘,0 based on 
FlowDike experiments for a 1:3 waterside slope (Lorke et al., 2012). In 
total, we selected 2472 individual overtopping events from the dataset 
of Hughes and Thornton (2016), all with Reynolds numbers greater 
than 1000 and Weber numbers greater than 10, to minimize scale 
effects (Heller, 2011). Since the time lag develops in the wave run-
up flow on the waterside slope, where velocities and flow depths are 
higher than in the subsequent overtopping flow, the governing part of 
the formation of the time lag occurs at higher local Reynolds and Weber 
numbers.

In Fig.  2, the time lag of the selected overtopping events at the 
waterside crest line is shown. We find that ℎ𝑝𝑒𝑎𝑘,0 occurs on average 
7% of 𝑇𝑜𝑣𝑡 after 𝑢𝑝𝑒𝑎𝑘,0. Adding this to the 1% of 𝑇𝑜𝑣𝑡 lag for 𝑡𝑢𝑝𝑒𝑎𝑘,0 , we 
find that 𝑡ℎ𝑝𝑒𝑎𝑘,0  occurs on average at about 8% of 𝑇𝑜𝑣𝑡. This assump-
tion is validated against field experiments with the wave overtopping 
simulator in Section 3.2.

2.3. Schematization

By combining the relationships of the peak flow characteristics in 
Section 2.1 with the temporal evolution in Section 2.2, the flow of an 
overtopping wave at the waterside crest line (𝑢0(𝑡) and ℎ0(𝑡)) can be 
schematized in time. This schematization depends on the individual 
overtopping volume (𝑉𝑇 ) and the waterside slope angle (𝛼𝑤). In Fig. 
3, the time series 𝑢(𝑡) and ℎ(𝑡) are schematized for three individual 
overtopping volumes.
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Fig. 2. Time between ℎ𝑝𝑒𝑎𝑘 and 𝑢𝑝𝑒𝑎𝑘 expressed as ratio over 𝑇𝑜𝑣𝑡 from individ-
ual overtopping events during the FlowDike experiments with a 1:3 slope (n 
= 2472).

The figure illustrates that both flow velocity and thickness have 
steep fronts, with the flow velocity displaying the steepest front. After 
reaching their respective peaks, they gradually decay back to zero. 
When the product of 𝑢(𝑡) and ℎ(𝑡) is integrated over time, the result 
is equal to the individual overtopping volume.

3. Modeling overtopping flow over a dike

3.1. Numerical model

Next, we focus on modeling the wave overtopping flow in both 
space and time. van Bergeijk et al. (2019) used the Shallow Water 
Equations (SWE) for their analytical model. Their SWE formulation 
assumes a gently sloped bottom, typically around 1V:10H or milder 
(Chow, 2009), which allows for the derivation of the analytical solu-
tion. However, since the landward slope of a dike is typically much 
steeper, and we are not constrained by the simplifications required 
for an analytical solution, we must account for slope effects explicitly. 
This is achieved by applying the one-dimensional Steep-Slope Shallow 
Water Equations (SSSWE) in our numerical model (Ancey et al., 2008; 
Maranzoni and Tomirotti, 2022). The SSSWE is a specialized form of 
the SWE formulated to accommodate steeper slopes. When applied 
to a horizontal surface, the SSSWE simplifies to the SWE, making it 
applicable to both the crest and landward slope. The one-dimensional 
4 
SSSWE from Maranzoni and Tomirotti (2022) is used in this study and 
presented in Eq. (5). 
𝛿ℎ𝑧
𝛿𝑡

+
𝛿(𝑢 ℎ𝑧 cos(𝛼))

𝛿𝑥
= 0

𝛿(𝑢 ℎ𝑧)
𝛿𝑡

+ 𝛿
𝛿𝑥

[(

𝑢2 ℎ𝑧 +
1
2
cos2(𝛼) 𝑔 ℎ𝑧2

)

cos(𝛼)
]

=

𝑔 ℎ𝑧

(

sin(𝛼) − 𝑛2 𝑢2

ℎ𝑧4∕3

√

1 + tan2(𝛼)

)

(5)

Here, 𝑡 is time (s), 𝑔 is the gravitational acceleration (9.81 m/s2), 
and 𝑛 is Manning’s coefficient (s/m1/3). See Fig.  4 for the definitions 
of the other parameters. In the remainder of this study, we define the 
flow thickness perpendicular to the surface, see Eq. (6). 
ℎ = ℎ𝑧 cos(𝛼) (6)

The SSSWE incorporates the effects of the bottom slope and differs 
from the SWE in five key aspects (Maranzoni and Tomirotti, 2022). 
Firstly, the SSSWE employs a different coordinate system, where the 
depth-averaged flow velocity is modeled parallel to the bottom slope, 
while the flow thickness is defined vertically, as shown in Fig.  4. 
Secondly, on steep slopes, the vertical pressure distribution deviates 
from hydrostatic conditions. The SSSWE accounts for this by introduc-
ing a correction factor based on the bottom slope, specifically cos(𝛼)2. 
Thirdly, the gravitational term is adjusted by replacing the small-angle 
approximation with sin(𝛼) to represent more accurately the influence 
of steep slopes. Fourthly, the convective acceleration term is modified 
by a factor of cos(𝛼), ensuring accurate representation of flow dynamics 
along the inclined bed. Lastly, the friction term is adapted to consider 
that, on steep slopes, the actual bottom surface length is larger than its 
horizontal projection, neglecting this would lead to an underestimation 
of friction stresses.

3.1.1. Boundary conditions
The physical domain of the dike is modeled from the waterside 

crest line toward the landward side, for example, up to the toe of the 
dike, see Fig.  4. The geometry of the dike is modeled by expressing 
the slope angle as a function of the 𝑥-coordinate, 𝛼(𝑥). The same is 
possible for Manning’s coefficient 𝑛(𝑥), however, transitions between 
revetments with different roughnesses are outside the scope of this 
study. A constant Manning’s coefficient 𝑛 = 0.0175 is therefore adopted 
to represent a grass cover, based on wave overtopping field experiments 
on grass-covered dikes in the Netherlands (van Bergeijk et al., 2020).

The upstream boundary is located at the waterside crest line of the 
dike, where a time-dependent Dirichlet condition is applied to impose 
overtopping flow. Here, the flow velocity 𝑢0(𝑡) and flow thickness ℎ0(𝑡)
are determined using the schematization in Section 2, allowing the 
simulation of any individual overtopping volume. At the downstream 
end, a free outflow boundary condition is imposed.
Fig. 3. Schematized temporal evolution of the overtopping wave flow at the waterside crest line for varying overtopping volume: (a) flow velocity 𝑢0(𝑡); (b) flow 
thickness ℎ0(𝑡); (c) flow discharge 𝑞0(𝑡) = 𝑢0(𝑡)ℎ0(𝑡).
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Fig. 4. The Steep-Slope Shallow Water Equation is applied to the crest and landward slope of a dike. Top right: coordinate system used in the Steep-Slope Shallow 
Water Equations.
3.1.2. Discretization and numerical schemes
The SSSWE are solved numerically using the finite volume method. 

Specifically, we apply the Monotonic Upstream-centered Scheme for 
Conservation Laws (MUSCL) by van Leer (1979). The MUSCL scheme is 
well-suited for modeling shocks and discontinuities (Toro, 2009), mak-
ing it effective for capturing the wetting wavefront of the overtopping 
flow. We use the minmod slope limiter (Roe, 1986), as it provides the 
most stable results near the wavefront and prevents spurious velocity 
peaks that were observed with less diffusive limiters, such as van Leer 
and monotonized central (van Leer, 1974, 1977). Time integration is 
performed using the second-order accurate Runge–Kutta (RK2) method 
(Runge, 1895; Vuik et al., 2023). The overall scheme is second-order 
accurate in space and time, but reduces to first-order accuracy in space 
near extrema and discontinuities, such as the wavefront, due to the 
application of slope limiters.

The fluxes between the cells are calculated using the Harten–
Lax–van Leer (HLL) flux (Harten et al., 1983). The HLL flux is suffi-
cient for modeling overtopping flow, as contact discontinuities are not 
present. Additionally, the HLL resulted in more stable results than the 
Rusanov flux (Rusanov, 1961; Toro, 2009) in our tests. The timestep is 
dynamically adjusted according to the Courant–Friedrichs–Lewy (CFL) 
condition (Courant et al., 1928), which ensures that the flow does 
not travel more than one grid cell per time step, thereby maintaining 
numerical stability. Based on tests, a CFL number of 0.1 combined 
with a grid spacing of 𝛥𝑥 = 0.10 m provided the best balance between 
accuracy and computational efficiency.

3.2. Validation using wave overtopping simulator field experiments

To validate the numerical model, we compare its predictions with 
measurements of overtopping flow at multiple locations along the crest 
and the landward slope. Similar to the temporal schematization at the 
waterside crest line (see Section 2), the most ideal is to use large-
scale flume experiments. However, the limited available datasets (e.g. 
Smith (1994)) lack accurate measurements of 𝑢(𝑡) and ℎ(𝑡) at multiple 
locations needed to reconstruct the spatiotemporal evolution of an 
overtopping wave. Therefore, we use field experiments in which large 
overtopping flows were generated by the Wave Overtopping Simulator 
(WOS).
5 
3.2.1. Measurement setup and instrumentation
The results from the numerical model will be compared against 

measurements from three WOS field experiments: Tholen, Millingen 
a/d Rijn, and Nijmegen (Future Dikes project) (Bakker et al., 2011, 
2013; Daamen et al., 2023). In these field experiments, additional tests 
were conducted to measure flow characteristics at several locations on 
the crest and landward slope. The tested cross-section at Millingen a/d 
Rijn is shown in Fig.  5, while the cross-sections at Tholen and Nijmegen 
are provided in Appendix  C.1.

During the tests, increasingly larger overtopping volumes, ranging 
from 100 to 5.5 m3/m, were released from the WOS located on the 
crest. Each overtopping volume was released and measured two to four 
times. Instruments were installed at several locations on the crest and 
landward slope to measure flow velocity (𝑢(𝑡)) and/or flow thickness 
(ℎ(𝑡)). Flow velocity was measured using a paddle wheel, and flow 
thickness was measured perpendicular to the slope using inclined, 
surfboard-like plates, see Fig.  6. In some cases, the paddle wheel was 
attached to the surfboard to measure the flow velocity at the free 
surface (𝑢𝑡𝑜𝑝), while in other cases it was attached directly to the grass 
to measure the velocity just above the bed (𝑢𝑏𝑜𝑡). Examples of these 
measurements are shown in Fig.  7.

3.2.2. Numerical model
For each field experiment, the geometry was schematized in the 

numerical model (red dashed line in Figs.  5, 18 and 20). Although the 
WOS is designed to closely replicate overtopping flows (van der Meer, 
2007), in the initial meters, the boundary layer is not developed yet, 
so Manning’s friction does not apply. Consequently, the schematization 
from Section 2 cannot be applied directly to the WOS outlet as an 
upstream boundary. Applying the current schematization there would 
cause mismatches in 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, and 𝑇𝑜𝑣𝑡 between the model and the 
measurements, which would result in an unfair comparison down the 
slope.

To address this, the upstream boundary is shifted to the first mea-
surement location (hatched area in Fig.  5). Using the measurements 
at this location, new site-specific relations between 𝑉𝑇  and 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, 
and 𝑇𝑜𝑣𝑡 are fitted, see Appendix  C.2. The schematization from Section 2 
is then adjusted for each field experiment by using the site-specific re-
lations instead of Eq. (1), Eq. (2), and Eq. (3). This ensures that the up-
stream boundary flow matches the conditions in the field experiments, 
so that any discrepancies between model results and measurements 
reflect differences in flow propagation along the slope instead of in-
consistencies between the WOS outflow and the schematized boundary 
condition.
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Fig. 5. Geometry of Millingen a/d Rijn from field surveys (black line) (Bakker et al., 2013) and as schematized in the model (red dashed line). The computational 
domain is shown in gray hatching. Markers indicate measurement locations and types.
Fig. 6. Surfboard-like plate to measure ℎ(𝑡) with a paddle-wheel attached to 
measure 𝑢(𝑡) at the free surface. Photo from Bakker et al. (2013).

Fig. 7. Example measurements of overtopping flow on the landward slope at 
Millingen a/d Rijn (𝑠 = 6 m from the outflow) for varying released volumes 
using the wave overtopping simulator (WOS): (a) flow velocity 𝑢(𝑡); (b) flow 
thickness ℎ(𝑡).

3.2.3. Comparison between model results and measurements
We first compare the temporal evolution of 𝑢(𝑡) and ℎ(𝑡) between the 

model and the measurements at several locations along the crest and 
landward slope. Each measurement location is indicated by its distance 
from the upstream boundary, which is the first measurement location 
(𝑠). Figs.  8 and 9 show comparisons for overtopping volumes of 1.5 
6 
m3/m and 4.0 m3/m at Millingen a/d Rijn. Here, ℎ(𝑡) is defined as the 
flow thickness normal to the surface for both measurements and model 
results.

As an additional consistency check, the temporal evolutions of 𝑢(𝑡)
and ℎ(𝑡) are integrated to approximate the overtopping volume 𝑉𝑇 , 
see Eq. (7). This approach works well for the numerical model, which 
calculates depth-averaged velocity. In the measurements, velocity is 
recorded either at the free surface or near the bed. The vertical velocity 
gradient is, however, estimated to be small (van Hoven et al., 2013), 
making this a reasonable proxy. This check can also reveal large 
deviations due to instrumentation errors. 

𝑉𝑇 = ∫

𝑡=𝑇𝑜𝑣𝑡

𝑡=0
ℎ(𝑡) 𝑢(𝑡) 𝑑𝑡 (7)

Figs.  8 and 9 shows at the upstream boundary (𝑠 = 0 m), 𝑢(𝑡) and ℎ(𝑡)
are well approximated by the schematization of Section 2, including 
the derived time lag and site-specific relations for 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, and 𝑇𝑜𝑣𝑡
in Appendix  C.2. At downstream locations (𝑠 > 0 m), the model also 
reproduces the measured 𝑢(𝑡) and ℎ(𝑡) accurately. Both the peak values, 
the moment that these occur (time lag), and the shapes of the temporal 
evolutions match closely. The arrival time of the wavefront likewise 
agrees with the measurements, indicating that the model also provides 
reliable estimates of the wavefront velocity.

In addition to the temporal evolutions, we will make a full com-
parison between the peak flow characteristics for all field experiments, 
released volumes, and available measurement locations. For 𝑢𝑝𝑒𝑎𝑘 and 
ℎ𝑝𝑒𝑎𝑘, the values are determined based on the maxima of their respec-
tive time series. Overtopping time is defined as the duration during 
which the flow thickness exceeds 2 cm. This threshold was chosen to 
minimize signal noise. The wavefront arrival time is detected as the first 
significant increase (> 2 cm) in flow thickness, based on the surfboard 
signal.

To quantify model performance, we used the Root Mean Square Er-
ror (RMSE) and the Nash–Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 
1970). The RMSE provides an absolute measure of the average devia-
tion between model predictions and observations. The NSE evaluates 
the predictive performance, where a value of 1 indicates perfect agree-
ment, 0 corresponds to performance equal to the mean of the observa-
tions, and values below 0 indicate worse performance than the mean.

The comparison in Fig.  10 shows that the model reproduces 𝑢𝑝𝑒𝑎𝑘
accurately (RMSE ≈ 0.5–0.6 m/s, NSE ≈ 0.8–0.9). Estimates of ℎ𝑝𝑒𝑎𝑘
are also consistent with the measurements, though with somewhat 
larger deviations (RMSE ≈ 0.02–0.06 m, NSE ≈ 0.5–0.9). We expect 
this larger deviation is partly due to the use of the surfboards, which 
provide a practical solution but is sensitive to splashing, aeration, and 
the indirect nature of this measurement technique. Two notable outliers 
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Fig. 8. Comparison between measured and modeled overtopping flow for an overtopping wave with 𝑉𝑇  = 1.5 m3/m at Millingen a/d Rijn. Individual measurements 
are indicated with superscript numbers. Top row (a.1–a.5): flow velocity 𝑢(𝑡); bottom row (b.1–b.5): flow thickness ℎ(𝑡). Columns correspond to increasing distance 
𝑠 along the crest and landward slope (𝑠 = 0, 2, 4, 6, and 16 m).
Fig. 9. Comparison between measured and modeled overtopping flow for an overtopping wave with 𝑉𝑇  = 4.0 m3/m at Millingen a/d Rijn. Individual measurements 
are indicated with superscript numbers. Top row (a.1–a.5): flow velocity 𝑢(𝑡); bottom row (b.1–b.5): flow thickness ℎ(𝑡). Columns correspond to increasing distance 
𝑠 along the crest and landward slope (𝑠 = 0, 2, 4, 6, and 16 m). Note that only two measurements are available at s = 16 m, as the other two failed.
were identified: one in Tholen, caused by a measurement spike leading 
to unrealistically high ℎ𝑝𝑒𝑎𝑘 values (noted by Bakker et al. (2013)), and 
one in Millingen a/d Rijn, where the surfboard signal at 𝑠 = 2 m appears 
capped and likely underestimates the true peak (see Appendix  C.3). 
Outside these cases, the agreement between model and measurements 
is consistent.

The overtopping time 𝑇𝑜𝑣𝑡 shows somewhat larger deviations. This 
highlights the difficulty to measure the tail of the wave where the 
flow thickness is low and thereby the overtopping time. The wavefront 
arrival time 𝑡𝑓𝑟𝑜𝑛𝑡 is predicted reliably, which indicates the model is 
also well able to predict the wavefront velocity. Overall, the model 
7 
provides a realistic description of the spatial and temporal evolution 
of overtopping flow along the crest and landward slope.

4. Spatiotemporal modeling of overtopping flow

4.1. Model setup

In this analysis, we numerically model and analyze the spatiotempo-
ral flow of overtopping waves along the crest and landward slope. The 
schematization consists of a dike geometry with a 5-meter-wide crest 
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Fig. 10.  Comparison between modeled and measured flow characteristics for all measured locations (excluded boundary 𝑠 = 0 m). Columns show the three 
cases: (a) Tholen, (b) Millingen a/d Rijn, (c) Future Dikes. Rows show the flow characteristics: (1) peak flow velocity 𝑢𝑝𝑒𝑎𝑘; (2) peak flow thickness ℎ𝑝𝑒𝑎𝑘; (3) 
overtopping time 𝑇𝑜𝑣𝑡; (4) time of wavefront arrival 𝑡𝑓𝑟𝑜𝑛𝑡. Excluded datapoints are shown transparently.

Applied Ocean Research 168 (2026) 104972 

8 



N. van der Vegt et al. Applied Ocean Research 168 (2026) 104972 
Fig. 11. Dike geometry used in the numerical model (𝐵𝑐 = 5 m; Slope length = 25 m; tan(𝛼) = 1V:3H; 𝑛 = 0.0175).
(𝐵𝑐) and a 20-meter-long landward slope with angle 1V:3H (𝛼), see Fig. 
11. Surface roughness is taken as 𝑛 = 0.0175, a value derived from wave 
overtopping field experiments on grass covers by van Bergeijk et al. 
(2020).

The upstream boundary is placed at the waterside crest line. Over-
topping flow is imposed at this boundary using the schematization of 
Section 2. Within this schematization, the waterside slope angle must 
be defined, which is taken here as 1V:3H. For the numerical model, we 
use the same calculation settings and discretization as in Section 3.

We study the spatiotemporal evolution 𝑢(𝑥, 𝑡) and ℎ(𝑥, 𝑡) for three 
overtopping volumes (𝑉𝑇 ): 1.0 m3/m (small), 3.0 m3/m (medium), and 
5.0 m3/m (large). For each volume, we obtain the spatial evolution of 
the peak flow velocity (𝑢𝑝𝑒𝑎𝑘), peak flow thickness (ℎ𝑝𝑒𝑎𝑘), peak flow 
discharge (𝑞𝑝𝑒𝑎𝑘), and overtopping time (𝑇𝑜𝑣𝑡) along the landward slope.

For small overtopping volumes on steep landward slopes, spurious 
oscillations occur near the end of the overtopping flow tail. Likely 
caused by the high-order MUSCL reconstruction, these oscillations can 
hinder the accurate determination of 𝑇𝑜𝑣𝑡. To mitigate this, a second-
order Savitzky–Golay filter is applied to the tail of the flow before 
determining 𝑇𝑜𝑣𝑡.

4.2. Results

Fig.  12 shows the spatial evolution of the peak flow velocity (𝑢𝑝𝑒𝑎𝑘), 
peak flow thickness (ℎ𝑝𝑒𝑎𝑘), peak flow discharge (𝑞𝑝𝑒𝑎𝑘), and over-
topping time (𝑇𝑜𝑣𝑡) along the crest and landward slope for different 
overtopping volumes.

4.2.1. Overtopping flow on the crest
On the 5-meter-wide crests, the results show that 𝑢𝑝𝑒𝑎𝑘 decreases 

by only about 10% for all overtopping volumes. In contrast, ℎ𝑝𝑒𝑎𝑘
decreases much more strongly, by 50%–60%, with smaller volumes 
showing the largest relative reduction. Since 𝑞𝑝𝑒𝑎𝑘 depends on both 
𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘, its trend largely mirrors that of ℎ𝑝𝑒𝑎𝑘. The overtopping 
duration 𝑇𝑜𝑣𝑡 increases by 50%–80%, with larger volumes producing 
the greater increase. We also observe wavefront steepening, with ℎ𝑝𝑒𝑎𝑘
progressively shifting toward 𝑢𝑝𝑒𝑎𝑘. When both peaks coincide, the 
product of 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 equals 𝑞𝑝𝑒𝑎𝑘. This is demonstrated in the 
bottom left figure of Fig.  12, as it shows that 𝑢𝑝𝑒𝑎𝑘 ⋅ ℎ𝑝𝑒𝑎𝑘 and 𝑞𝑝𝑒𝑎𝑘
converge as the flow travels along the crest.

The decrease in ℎ𝑝𝑒𝑎𝑘 and increase in 𝑇𝑜𝑣𝑡 can be explained by the 
changes in flow velocity within the overtopping flow. As the wavefront 
has a higher flow velocity than the tail, the flow stretches in time along 
the crest. This causes 𝑇𝑜𝑣𝑡 to increase, and due to mass conservation, 
ℎ𝑝𝑒𝑎𝑘 to decrease. The longer the flow gets, the less ℎ𝑝𝑒𝑎𝑘 has to reduce 
to satisfy this mass balance, which empirically follows an exponential 
decay trend. The small reduction in 𝑢𝑝𝑒𝑎𝑘 occurs because, in the momen-
tum balance near the wavefront, the frictional forcing is much smaller 
9 
than the convective acceleration forcing. As a result, most of the flow 
velocity is retained over the crest. The steepening of the wavefront 
occurs because the thicker flow near ℎ𝑝𝑒𝑎𝑘 retains more momentum 
and experiences lower frictional resistance. In contrast, the thinner flow 
near 𝑢𝑝𝑒𝑎𝑘 is more strongly affected by friction, causing ℎ𝑝𝑒𝑎𝑘 and 𝑢𝑝𝑒𝑎𝑘
to converge, with the time lag between them eventually decreasing to 
zero.

4.2.2. Overtopping flow on the landward slope
After passing the crest, the flow enters the landward slope. For 

all overtopping volumes, 𝑢𝑝𝑒𝑎𝑘 increases by up to 40% relative to the 
landward crest line. The strongest acceleration occurs near the top 
of the slope, while further downslope the acceleration diminishes. 
Eventually, the flow may start to decelerate as observed for the lowest 
volume in Fig.  12 (𝑉𝑇 = 1000). At the same time, ℎ𝑝𝑒𝑎𝑘 decreases rapidly 
in the first few meters of the slope (by about 30%), followed by a more 
gradual reduction further downslope. A comparison between 𝑞𝑝𝑒𝑎𝑘 and 
𝑢𝑝𝑒𝑎𝑘 ⋅ ℎ𝑝𝑒𝑎𝑘 indicates further steepening of the wavefront. Finally, 𝑇𝑜𝑣𝑡
decreases sharply by up to 50% near the top of the slope. After this 
initial reduction, it increases again for the larger volumes, whereas for 
the smaller volumes it continues to decrease along the slope.

As the flow enters the slope, it accelerates due to gravity, causing 
the flow velocity to increase over the entire flow. The difference in 
flow velocity between the wavefront and tail of the flow increases 
since the gravitational forcing is proportional to ℎ (see Eq. (5)). This 
results in the flow to stretch more and ℎ𝑝𝑒𝑎𝑘 to decrease even faster due 
to mass conservation. This stretching is initially not reflected in 𝑇𝑜𝑣𝑡. 
𝑇𝑜𝑣𝑡 decreases in the first few meters as the flow passes more quickly 
because the flow velocity is higher over the entire flow. As the flow 
continues to stretch in time along the slope, 𝑇𝑜𝑣𝑡 starts to increase for 
larger volumes. For the lowest volume, 𝑇𝑜𝑣𝑡 further decreases along the 
slope. This is because the definition for 𝑇𝑜𝑣𝑡 of ℎ > 5 cm is close to ℎ𝑝𝑒𝑎𝑘, 
leaving only a diminishing fraction of the overtopping flow above this 
threshold.

As the overtopping flow progresses along the slope, flow acceler-
ation diminishes. This occurs because faster, thinner flow experiences 
stronger frictional resistance, as the Manning friction term scales with 
𝑢2∕ℎ1∕3 (see Eq. (5)). At a certain point, the frictional forcing balances 
the gravitational forcing, after which the quasi-uniform velocity de-
creases together with the decreasing flow thickness, consistent with 
the Gauckler–Manning equation (Manning, 1891) (see Eq. (8)). This 
explains why both 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 decrease beyond this point, and is 
illustrated by the dash-dotted line for 𝑉𝑇  = 1.0 m3/m in Fig.  12 and 

𝑢 = 1
𝑛
ℎ2∕3

√

tan(𝛼) (8)
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Fig. 12. Spatial evolution of overtopping flow characteristics from the waterside crest line over the dike crest (𝐵𝑐 = 5 m) and landward slope (tan(𝛼) = 1V:3H): 
(a) peak flow velocity 𝑢𝑝𝑒𝑎𝑘; (b) peak flow thickness ℎ𝑝𝑒𝑎𝑘; (c) peak flow discharge 𝑞𝑝𝑒𝑎𝑘, with the dashed line being the product of the 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘, illustrating 
the maximum 𝑞𝑝𝑒𝑎𝑘 that would occur if both peak values coincided; (d) overtopping duration 𝑇𝑜𝑣𝑡. Different overtopping volumes (𝑉𝑇 ) are indicated by color.
4.3. Sensitivity analysis

The surface roughness and waterside slope angle are further ex-
plored in a sensitivity analysis for 1.0 m3/m (small) and 5.0 m3/m 
(large) overtopping volumes, with 3.0 m3/m omitted to reduce visual 
complexity in the graph. For surface roughness, we study a rougher 
(𝑛 = 0.0250) and smoother surface (𝑛 = 0.0100). For the waterside slope 
angle, we study a geometry with a steeper 1V:2H and a gentler 1V:5H 
landward slope angle.

4.3.1. Surface roughness
Fig.  13 shows the results of a sensitivity analysis for a smoother 

(𝑛 = 0.010) and rougher (𝑛 = 0.025) surface roughness along the crest 
and landward slope. A smoother surface yields higher 𝑢𝑝𝑒𝑎𝑘 and shorter 
𝑇𝑜𝑣𝑡 along both the crest and the landward slope. At the same time, ℎ𝑝𝑒𝑎𝑘
is slightly lower for smoother surfaces, with 𝑞𝑝𝑒𝑎𝑘 following the same 
trend. A smoother surface also results in slower steepening of the wave-
front, whereas for rougher surfaces the opposite behavior is observed. 
The influence of roughness is more pronounced for smaller overtopping 
volumes, as thinner flows are more strongly affected by friction.

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∝ 𝑔 𝑛2 𝑢2

ℎ1∕3

√

1 + tan2(𝛼) (9)

By changing the surface roughness, the frictional forcing (𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛) 
in the momentum balance is modified, as shown in Eq. (9) (from 
Eq. (5)). A smoother surface leads to reduced frictional forcing, which 
explains the smaller decay in 𝑢𝑝𝑒𝑎𝑘 along the crest and slope. This 
also causes the flow to accelerate over a longer distance on the slope, 
resulting in the point at which the gravitational and frictional forces 
are in balance being located further downslope. Because flow velocities 
are higher throughout the entire flow, 𝑇𝑜𝑣𝑡 becomes shorter. The higher 
velocities also increase the difference between the flow velocity near 
the wavefront and the tail, causing the overtopping wave on smoother 
surfaces to stretch (slightly) more in time. From mass conservation, this 
longer flow duration results in a lower ℎ𝑝𝑒𝑎𝑘. The slower steepening of 
the wavefront follows from the lower frictional forcing near the wave-
front, which decreases the difference in momentum between the region 
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of 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘, delaying their convergence. For rougher surfaces, the 
opposite behavior is observed: higher friction produces lower velocities, 
shorter acceleration lengths, longer overtopping durations, and faster 
steepening of the wavefront.

4.3.2. Landward slope angle
Fig.  14 shows the results of the sensitivity analysis for a steeper 

(1V:2H) and a gentler (1V:5H) landward slope. A steeper slope yields 
higher 𝑢𝑝𝑒𝑎𝑘 values, with a stronger initial acceleration near the top of 
the slope. At the same time, 𝑇𝑜𝑣𝑡 shows a small reduction for steeper 
slopes. In contrast, ℎ𝑝𝑒𝑎𝑘 and 𝑞𝑝𝑒𝑎𝑘 remain nearly identical between the 
slopes, and the steepening of the wavefront appears largely unaffected 
by the slope angle.
𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ∝ 𝑔 ℎ sin(𝛼) (10)

The observed differences in 𝑢𝑝𝑒𝑎𝑘 can primarily be explained by 
the influence of gravitational forcing along the slope, which scales 
with sin(𝛼), see Eq. (10)). For steeper slopes, the component of gravity 
(𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦) acting in the flow direction increases, resulting in stronger 
acceleration near the top of the landward slope and therefore higher 
𝑢𝑝𝑒𝑎𝑘 values. At the same time, the frictional forcing also becomes 
larger for steeper slopes, as shown in Eq. (9), since it scales with the 
slope angle. These opposing effects partly compensate for each other, 
explaining why ℎ𝑝𝑒𝑎𝑘 and 𝑞𝑝𝑒𝑎𝑘 remain nearly constant between slope 
angles. The slightly shorter 𝑇𝑜𝑣𝑡 for steeper slopes results from the 
higher flow velocities throughout the entire flow, which reduce the 
time required for the overtopping flow to pass a given location. For 
gentler slopes, gravitational forcing is weaker, so the flow accelerates 
less, leading to slightly lower velocities and a longer 𝑇𝑜𝑣𝑡, while ℎ𝑝𝑒𝑎𝑘
and 𝑞𝑝𝑒𝑎𝑘 remain largely unchanged.

5. Discussion

5.1. Comparison with previous studies

The flow of overtopping waves along the crest and landward slope 
of a dike has been the subject of numerous previous studies. In the 
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Fig. 13.  Spatial evolution of overtopping flow characteristics from the waterside crest line over the dike crest (𝐵𝑐 = 5 m) and landward slope (tan(𝛼) = 1V:3H): 
(a) peak flow velocity 𝑢𝑝𝑒𝑎𝑘; (b) peak flow thickness ℎ𝑝𝑒𝑎𝑘; (c) peak flow discharge 𝑞𝑝𝑒𝑎𝑘; (d) overtopping duration 𝑇𝑜𝑣𝑡. Different overtopping volumes (𝑉𝑇 ) are 
indicated by color, and different surface roughnesses (Manning’s coefficients 𝑛) by line style.
Fig. 14. Spatial evolution of overtopping flow characteristics from the waterside crest line over the dike crest (𝐵𝑐 = 5 m) varying landward slopes: (a) peak 
flow velocity 𝑢𝑝𝑒𝑎𝑘; (b) peak flow thickness ℎ𝑝𝑒𝑎𝑘; (c) peak flow discharge 𝑞𝑝𝑒𝑎𝑘; (d) overtopping duration 𝑇𝑜𝑣𝑡. Different overtopping volumes (𝑉𝑇 ) are indicated 
by color, and different landward slope angles (tan(𝛼)) by line style.
following two sections, we will compare our findings with those of 
these studies.

5.1.1. Overtopping flow along the crest
Our analysis in Section 4 showed that the modeled ℎ𝑝𝑒𝑎𝑘 and 𝑢𝑝𝑒𝑎𝑘

decrease along the crest, suggesting that the crest width (𝐵𝑐) influences 
the extent of this reduction. Moreover, the results revealed clear influ-
ences of the overtopping volume (𝑉 ) and surface roughness (𝑛). This 
𝑇
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general trend of decreasing ℎ𝑝𝑒𝑎𝑘 and 𝑢𝑝𝑒𝑎𝑘 along the crest is consistent 
with previous studies, although reported magnitudes vary (van Gent, 
2002; Schüttrumpf and Oumeraci, 2005; Bosman et al., 2009; van der 
Meer et al., 2011; Guo et al., 2014; Formentin et al., 2019; van Bergeijk 
et al., 2019).

The studies of Schüttrumpf and Oumeraci (2005) and van Bergeijk 
et al. (2019) propose analytical equations to model overtopping flow 



N. van der Vegt et al. Applied Ocean Research 168 (2026) 104972 
along the crest. Schüttrumpf and Oumeraci (2005) derived their equa-
tion for 𝑢𝑝𝑒𝑎𝑘 from the 2D continuity and momentum equations, and 
proposed an empirical exponential decay for ℎ𝑝𝑒𝑎𝑘 based on measure-
ments, suggesting a constant 53% reduction independent of 𝐵𝑐 , 𝑉𝑇 , or 
𝑛. Their approach assumes 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 occur simultaneously, using 
ℎ𝑝𝑒𝑎𝑘 as input for 𝑢𝑝𝑒𝑎𝑘. As a result, their model yields larger 𝑞𝑝𝑒𝑎𝑘 and 
slightly higher 𝑢𝑝𝑒𝑎𝑘 than the numerical model, which accounts for a 
time lag between 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 (see Fig.  15).

van Bergeijk et al. (2019) proposed an analytical model for 𝑢𝑝𝑒𝑎𝑘
based on the steady 1D shallow water equations assuming continuity 
of discharge 𝑞 at 𝑢𝑝𝑒𝑎𝑘. While no direct equation for ℎ𝑝𝑒𝑎𝑘 was given, 
they suggested using the discharge continuity to estimate ℎ at 𝑢𝑝𝑒𝑎𝑘. In 
Fig.  15, we applied this model by defining the momentary discharge 
as 𝑞𝑝𝑒𝑎𝑘 as an approximation for 𝑞 at 𝑢𝑝𝑒𝑎𝑘. The resulting 𝑢𝑝𝑒𝑎𝑘 from the 
analytical model is higher than in the numerical model. This difference 
arises because, in the numerical model, 𝑞𝑝𝑒𝑎𝑘 (and 𝑞 in general) varies 
along the crest, whereas the analytical model is time-independent and 
assumes it is constant. The numerical model shows 𝑞𝑝𝑒𝑎𝑘 decreases along 
the crest (see also Fig.  12), causing the analytical model to predict a 
higher 𝑢𝑝𝑒𝑎𝑘. Ultimately, both models depend on an accurate description 
of the overtopping flow at the waterside crest line, which is discussed 
further in Section 5.3.

Other studies empirically relate changes in flow characteristics to 
wave conditions at the dike toe, making direct comparisons less mean-
ingful. For example, van Gent (2002) found 𝑢𝑝𝑒𝑎𝑘 to depend on 𝐵𝑐∕𝐻𝑠, 
and for ℎ𝑝𝑒𝑎𝑘 a constant 33% reduction independent of 𝐵𝑐 , 𝑉𝑇 , or 𝑛 (see 
Fig.  15). Bosman et al. (2009) and van der Meer et al. (2011) proposed 
exponential decays dependent on 𝐵𝑐 and the deep-water (spectral) 
wavelength. Except for van Gent (2002), the models describe the decay 
using exponential trends, consistent with our results. In the numerical 
model, the influence of the wave conditions and waterside slope is not 
represented explicitly in the boundary conditions defined in Section 2, 
except for the waterside slope angle (𝛼𝑤).

Guo et al. (2014) and Formentin et al. (2019) performed more 
qualitative assessments. Guo et al. (2014) used a two-phase model 
and found a 50%–60% decay in ℎ𝑝𝑒𝑎𝑘 over a 6-meter-wide crest, but 
observed an increase in 𝑢𝑝𝑒𝑎𝑘. This may be attributed to the use of a 
smooth slope, while our simulations used roughness typical of grass. 
In our sensitivity analysis, we observe almost no decrease of 𝑢𝑝𝑒𝑎𝑘 on a 
smooth crest surface (see Fig.  13). Formentin et al. (2019), using small-
scale experiments and mono-phase simulations, reported a 25%–30% 
linear decrease in ℎ𝑝𝑒𝑎𝑘 and up to 10% decrease in 𝑢𝑝𝑒𝑎𝑘, with an 
increase of 𝑢𝑝𝑒𝑎𝑘 near the landward crest for low freeboard. Their 
use of a smooth surface and relatively narrow crest (𝐵𝑐 = 15-30 cm) 
may explain the difference. Additionally, for small freeboards, wave 
breaking may occur close to the crest. In that case, the flow at the 
waterside crest line may differ from when breaking occurs lower on 
the slope.

5.1.2. Overtopping flow along the landward slope
Few studies address the modeling of overtopping flow along the 

landward slope. In the literature, only van Gent (2002), Schüttrumpf 
and Oumeraci (2005), and van Bergeijk et al. (2019) present models 
for this purpose. In Fig.  16, these models are compared with the 
numerical model from this study. For a consistent comparison, the 
analytical models were supplied with boundary conditions taken from 
the landward crest line using the numerical model.

Schüttrumpf and Oumeraci (2005) proposed an iterative analytical 
equation for 𝑢𝑝𝑒𝑎𝑘 on the landward slope based on the steady 2D conti-
nuity and momentum equations. Similarly, van Gent (2002) developed 
an analytical expression for 𝑢𝑝𝑒𝑎𝑘 using the steady 1D shallow water 
equations, which was later refined and validated by van Bergeijk et al. 
(2019). Both approaches assume continuity of discharge 𝑞 at 𝑢𝑝𝑒𝑎𝑘 along 
the landward slope, similar to their models of flow over the crest. In 
Section 4.2.1, we observed that 𝑢  and ℎ  converge over the crest, 
𝑝𝑒𝑎𝑘 𝑝𝑒𝑎𝑘
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implying that 𝑞 at 𝑢𝑝𝑒𝑎𝑘 can be approximated by the product of 𝑢𝑝𝑒𝑎𝑘
and ℎ𝑝𝑒𝑎𝑘 at the top of the landward slope, as applied in Fig.  16.

Overall, 𝑢𝑝𝑒𝑎𝑘 from the analytical equations agrees well with the 
numerical model at the top of the slope. However, a key difference 
is that both analytical models assume constant discharge, while the 
numerical model shows discharge decreases along the slope (see Fig. 
12). This leads to a larger reduction in ℎ𝑝𝑒𝑎𝑘 in the numerical results 
than in the analytical equations. Additionally, the overestimation of 
discharge causes the analytical models to overpredict momentum and 
gravitational forcing (due to overpredicting ℎ) and underpredict fric-
tional forcing. For larger volumes and short slopes, the effect on 𝑢𝑝𝑒𝑎𝑘
is small, producing only a slight increase compared to the numerical 
model. For smaller volumes or long slopes, however, the analytical 
models predict continued acceleration of the flow, whereas the nu-
merical model shows deceleration once frictional forcing balances the 
gravitational forcing (see Section 4.2.2). This deceleration has also been 
observed in field experiments with the WOS, for example, at Tholen and 
Singapore (Bakker et al., 2011; van der Meer et al., 2020), and was 
acknowledged as a limitation of the analytical model by van Bergeijk 
et al. (2019). Such deceleration should be considered when modeling 
erosion at dikes loaded by relatively low waves, to avoid overestimating 
the hydraulic loading. This is further elaborated in Section 5.4.

5.1.3. Main differences
Overall, the trends observed in the numerical model, namely the 

decay of ℎ𝑝𝑒𝑎𝑘 and 𝑢𝑝𝑒𝑎𝑘 along the crest and the increase in 𝑢𝑝𝑒𝑎𝑘 and 
decay of ℎ𝑝𝑒𝑎𝑘 along the landward slope, are consistent with previous 
studies. However, several systematic differences exist. Most analytical 
or empirical models assume steady flow with constant discharge at 
𝑢𝑝𝑒𝑎𝑘, neglecting time-dependent interactions such as the steepening 
of the wavefront and the stretching of the overtopping flow. In con-
trast, the numerical model resolves the full spatiotemporal evolution 
of overtopping flow, revealing new behaviors not captured by previous 
approaches but observed during field experiments, such as the decel-
eration of 𝑢𝑝𝑒𝑎𝑘 on a long slope. Furthermore, it explicitly accounts for 
the influence of crest width (𝐵𝑐), overtopping volume (𝑉𝑇 ), and surface 
roughness (𝑛), representing both the crest and landward slope within 
a single geometry. This approach features that are often simplified or 
omitted in analytical or empirical models. Although empirical and an-
alytical models are computationally fast, the numerical model remains 
relatively quick, with typical calculation times below 10 s depending 
on geometry and flow, providing a practical middle ground between 
analytical approaches and full CFD simulations.

5.2. Comparison with other numerical models

Previous studies have applied (non-hydrostatic) shallow water mod-
els to simulate wave overtopping. A commonly used model in this 
category is SWASH, which is a non-linear shallow water solver with 
pressure correction for the vertical acceleration. SWASH is particu-
larly suited for resolving non-linear wave propagation, breaking, and 
processes leading up to overtopping (Zijlema et al., 2011). It has 
been shown to accurately reproduce both average and instantaneous 
overtopping discharges at the waterside crest line (Suzuki et al., 2017; 
Gruwez et al., 2020; Ibrahim and Baldock, 2021). While SWASH is 
in principle capable of simulating overtopping flow on the crest and 
landward slope, earlier studies have primarily focused on wave run-up 
and overtopping at the waterside crest.

In the present study, the focus is not on the processes leading up 
to wave overtopping but on the propagation of individual overtop-
ping flows along the crest and steep landward slope, where the flow 
is thin, transient, and supercritical. Hence, the Steep-Slope Shallow 
Water Equations (SSSWE) are applied, as they explicitly account for 
steep-slope effects through a slope-aligned momentum formulation and 
modified gravity, pressure, and friction terms (see Section 3.1). By ap-
plying the SSSWE, the model is computationally efficient and straight-
forward to configure for studying this specific flow regime, whereas 
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Fig. 15. Comparison of the predicted decay of overtopping flow characteristics on the crest: (a) peak flow velocity 𝑢𝑝𝑒𝑎𝑘; (b) peak flow thickness ℎ𝑝𝑒𝑎𝑘. Results 
from the numerical model are compared with analytical models from previous studies.
Fig. 16.  Comparison of the predicted decay of overtopping flow characteristics on a 1V:3H landward slope: (a) peak flow velocity 𝑢𝑝𝑒𝑎𝑘; (b) peak flow thickness 
ℎ𝑝𝑒𝑎𝑘. Results from the numerical model are compared with analytical models from previous studies.
SWASH’s numerical framework is designed to resolve a broader range 
of wave processes than required for the present analysis. This makes 
the SSSWE-based model well-suited for parametric studies and for use 
in probabilistic design. Additionally, the SSSWE-based model provides 
access to the individual terms in the governing equations, allowing the 
relative contributions of the different forcing terms to be analyzed.

Another option is to use three-dimensional CFD models employing 
volume-of-fluid (VOF) methods to resolve the free surface, for exam-
ple, using OpenFOAM® (Jasak, 2009). The main benefit is that these 
types of models can resolve detailed flow properties such as pressure 
and near-bed stresses. Previous studies have demonstrated that a two-
dimensional OpenFOAM model can accurately reproduce overtopping 
flow along the crest and landward slope when carefully calibrated 
against experimental data (Chen et al., 2021; van Bergeijk et al., 2020). 
However, such models are more complex in setup and calibration, 
and have high computational cost, which limits their applicability 
for rapid assessment or studies involving many different overtopping 
events and geometries. Despite the computational effort required, the 
models applied in these studies have the same physical limitations as 
the other models, like neglecting the aeration of the water and not 
resolving the turbulence.

In conclusion, the SSSWE-based model complements existing nu-
merical models with a targeted and computationally efficient alterna-
tive for resolving the spatiotemporal evolution of overtopping flow on 
crests and steep landward slopes.
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5.3. Limitations of the numerical model

The numerical model developed in this study can simulate the 
overtopping flow along the crest and landward slope of a dike. Based on 
Section 3.2, we concluded that the model accurately predicts the spa-
tiotemporal evolution of overtopping flow, provided that the upstream 
boundary condition is well defined. In Section 5.1, we observed that 
the model aligns with results from partly validated analytical models 
and improves upon them by addressing some of their limitations.

The main limitation of this study is the definition of the upstream 
boundary condition, represented by the schematization of the overtop-
ping flow at the waterside crest line. For reproducing the overtopping 
simulator experiments in Section 3.2, the boundary was placed at the 
first measurement location, allowing the derivation of well-defined 
relations between 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, 𝑇𝑜𝑣𝑡, and the overtopping volume (see 
Fig.  21). This was possible because the wave overtopping simulator 
(WOS) produces reproducible flows when releasing the same volume 
multiple times. In this study, however, we aimed to take a step toward 
a more general schematization of real overtopping flow at the waterside 
crest line, rather than relying solely on WOS measurements.

This turned out to be challenging as existing studies show large 
differences in the proposed relations between 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, 𝑇𝑜𝑣𝑡, and 
overtopping volume (Fig.  1). Moreover, the same overtopping volume 
can lead to significantly different 𝑢  and ℎ  values, which are 
𝑝𝑒𝑎𝑘 𝑝𝑒𝑎𝑘
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typically negatively correlated (van der Vegt et al., 2025). Nevertheless, 
we managed in Section 2 to combine most available studies to construct 
a fair schematization of overtopping flow at the seaward crest line. 
This schematization performed qualitatively well in Section 4 and in 
comparisons with other studies in Section 5.1, where the observed 
results and trends were consistent with the literature.

This study provides a complete and scalable temporal schematiza-
tion of the overtopping flow at the waterside crest (see Section 2). 
However, we highly recommend further investigating the full tem-
poral evolution of overtopping waves at the waterside crest line on 
an individual event basis by conducting measurements during large-
scale flume experiments. Primarily because newer erosion models start 
to rely more on the temporal evolution of individual events (Dean 
et al., 2010; van der Meer et al., 2011; Hughes and Shaw, 2011; 
van Bergeijk et al., 2021) but also because previous studies mainly 
focused only on the 2% quantiles instead of individual events. Data 
on the waterside crest line from large-scale wave overtopping events 
are particularly valuable for this purpose, as most studies (see Sec-
tion 2) rely on small-scale experiments and numerical modeling. Large-
scale data would allow to further refine and validate the current 
schematization.

The second limitation concerns transitions on the crest and land-
ward slope. Geometrical transitions are changes in slope, such as the 
transition between the crest and landward slope. Due to the abrupt 
change in slope, energy is expected to dissipate through turbulence. 
The magnitude of this dissipation, and whether it significantly affects 
the flow, is currently unknown. In the present model, this additional 
dissipation is neglected, basically resulting in an upper-bound estimate 
of the hydraulic loading. For very steep transitions, the flow may even 
detach for larger overtopping volumes (Ponsioen et al., 2019; van 
Bergeijk et al., 2022). Such detachment cannot be represented with the 
SSSWE and would require a two-phase model, such as OpenFOAM (van 
Bergeijk et al., 2022).

Furthermore, non-geometrical transitions, such as between a grass 
cover and an asphalt road, can only be partially modeled. Although 
not validated, the current model supports abrupt changes in roughness 
but not abrupt changes in height, for example, when the asphalt road 
is a few centimeters above the grass cover. Introducing such height 
steps could lead to reflected bores and numerical instabilities, which 
are not handled in the present implementation. Addressing this would 
require alternative numerical techniques, such as hydrostatic recon-
struction (Audusse et al., 2004) and the use of an appropriate approx-
imate Riemann solver for discontinuities, such as the Harten–Lax–van 
Leer–Einfeldt (HLLE) scheme (Delis, 2002).

5.4. Practical application

Erosion models for wave overtopping require flow characteristics 
of the overtopping flow at different locations along the crest and 
landward slope. The numerical model developed in this study provides 
these characteristics and can be used to improve erosion modeling. 
As an example, we demonstrate how the numerical model can help 
by applying the cumulative overload method (COM) (van der Meer 
et al., 2011), which is commonly used in Dutch practice to estimate 
the erosion resistance of grass covers on landward slopes.

The COM is defined in Eq. (11) and can be used to assess erosion 
damage at any chosen location on the crest or landward slope. The COM 
computes a damage number 𝐷 based on the cumulative exceedance of 
the critical shear stress by 𝑁𝑜𝑤 overtopping waves. 

𝐷 =
𝑁𝑜𝑤
∑

𝑖=0

[

(𝛼𝑎 𝑢𝑖)
2 − 𝑢𝑐

2] (11)

Here, 𝑢𝑖 is the peak flow velocity 𝑢𝑝𝑒𝑎𝑘 at the waterside crest line of 
the 𝑖th overtopping wave, 𝛼𝑎 is an acceleration factor and basically the 
ratio between 𝑢𝑝𝑒𝑎𝑘 at the assessed location and 𝑢𝑝𝑒𝑎𝑘 at the waterside 
crest line (= 𝑢 (𝑠)∕𝑢 (0)). 𝑢  is the critical velocity related to the 
𝑝𝑒𝑎𝑘 𝑝𝑒𝑎𝑘 𝑐
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Fig. 17. Acceleration factor 𝛼𝑎, defined as the ratio between the peak flow 
velocity at location 𝑠 on the slope and the peak velocity at the waterside crest 
line for 𝐵𝑐 = 5 m, tan 𝛼 = 1V:3H, and 𝑛 = 0.0175.

erosion resistance of the grass cover. Often 𝛼𝑚 and 𝛼𝑠 are also included 
in the COM to account for the effects of transitions, however, these are 
omitted from Eq. (11) for simplicity.

The COM can be applied at any location along the crest and land-
ward slope, but is often used at the toe of the dike, where the flow 
velocity has accelerated the most (high 𝛼𝑎) and geometric transitions 
that increase the loading and weaken the grass cover. Traditionally, for 
the toe, 𝛼𝑎 is set to 1.4 as a first estimate (van der Meer et al., 2014). 
With our numerical model, a more accurate value of 𝛼𝑎 can be obtained 
based on the calculated flow acceleration.

Fig.  17 shows 𝛼𝑎 calculated along a 5-meter-wide crest and a 20-
meter-long 1:3 slope for various overtopping volumes. The maximum 
𝛼𝑎 is approximately 1.25, which is lower than the commonly assumed 
value of 1.4, which equals a 25% reduction in shear stress since 𝜏 ∝
(𝛼𝑎𝑢𝑖)2. This difference is caused by the fact that the original derivation 
of 𝛼𝑎 = 1.4 neglects the influence of the crest. In our model, 𝛼𝑎 at the 
landward crest line is about 0.9. If the crest is excluded, the resulting 𝛼𝑎
increases to approximately 1.4 (1.25∕0.9), consistent with van der Meer 
et al. (2014). This demonstrates that including the crest in the analysis 
may lead to lower estimates of hydraulic loading than are currently 
used.

Additionally, we find that 𝛼𝑎 increases with overtopping volume. 
For systems where large overtopping volumes are unlikely (e.g., in 
upper river reaches), 𝛼𝑎 can be adjusted downward based on further 
analysis. For example, if 𝑉𝑇 ;𝑚𝑎𝑥 = 2.5 m3/m, an 𝛼𝑎 of 1.15 may be more 
appropriate than 1.25 based on Fig.  17.

As demonstrated in the example, the results of this study provide 
dike engineers with improved insight into the hydraulic loading exerted 
by overtopping waves on the crest and landward slope. The influence 
of design choices such as crest width and slope angle on this loading is 
thereby better understood. Using the SSSWE-based model, these effects 
can be quantified and used to better estimate hydraulic loading in 
existing erosion models, improving their application without replac-
ing them. The model is particularly suitable for parametric studies 
to quickly assess the effects of different dike geometries due to its 
computational efficiency. Moreover, the model has the potential to be 
further extended and validated for more complex geometries, such as 
landward berms, changes in roughness, and abrupt height transitions, 
which are not captured by simpler methods.

6. Conclusion

At dikes, overtopping waves generate supercritical transient flow 
along the crest and landward slope. Understanding the spatial and tem-
poral behavior of this flow is essential for accurate erosion modeling. 
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This study investigated the spatiotemporal evolution of overtopping 
flow along dike crests and slopes using a new, efficient numerical model 
based on the Steep-Slope Shallow Water Equations.

Along the crest, the overtopping flow stretches in time because 
the local flow velocity near the wavefront is higher than in the tail. 
Consequently, the peak flow thickness ℎ𝑝𝑒𝑎𝑘 decreases exponentially, 
while the overtopping time 𝑇𝑜𝑣𝑡 increases. The peak flow velocity, 𝑢𝑝𝑒𝑎𝑘, 
decreases only slightly, as the flow momentum remains large relative to 
friction. As the flow progresses over the crest, the wavefront steepens as 
ℎ𝑝𝑒𝑎𝑘 shifts toward the wavefront (near 𝑢𝑝𝑒𝑎𝑘), due to local differences 
in momentum and friction.

Along the landward slope, the flow accelerates due to gravitational 
forcing, accelerating the flow and increasing 𝑢𝑝𝑒𝑎𝑘. This increases the 
velocity difference between the wavefront and the tail, stretching the 
flow further in time. This results in ℎ𝑝𝑒𝑎𝑘 to decrease further due to mass 
conservation. As the flow becomes faster and thinner downslope, the 
frictional forcing grows and eventually balances gravitational forcing, 
causing 𝑢𝑝𝑒𝑎𝑘 to decelerate and even reduce, a behavior not captured 
by current analytical models but observed in field experiments. Larger 
overtopping volumes require longer slopes to reach this balance. Wave-
front steepening continues if 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 have not fully converged 
on the crest.

Sensitivity analysis shows that slope angle and surface roughness 
strongly influence these dynamics. Steeper slopes increase gravitational 
forcing, yielding higher 𝑢𝑝𝑒𝑎𝑘 and shorter 𝑇𝑜𝑣𝑡, while shallower slopes 
reduce acceleration and slightly lengthen 𝑇𝑜𝑣𝑡. Rougher surfaces in-
crease friction, reducing 𝑢𝑝𝑒𝑎𝑘 and causing slightly less decay of ℎ𝑝𝑒𝑎𝑘, 
while smoother surfaces allow higher velocities and more flow stretch-
ing. Overall, overtopping flow dynamics are strongly influenced by 
overtopping volume, crest width, slope angle, and surface roughness.

The results from the numerical model align well with previous 
studies and provide additional insights by resolving time-dependent 
dynamics that are not captured by time-independent analytical models. 
For example, flow stretching, wavefront steepening, a larger decrease in 
ℎ𝑝𝑒𝑎𝑘 due to the absence of a continuous discharge assumption, and the 
deceleration and decrease in 𝑢𝑝𝑒𝑎𝑘 on long slopes. Moreover, the model 
is computationally efficient (typically under 10 s), offering a practical 
middle ground between simplified analytical approaches and full CFD 
simulations. The schematization used at the upstream boundary at the 
waterside crest line could be improved by measuring and analyzing 
natural large-scale measurements of wave overtopping events.
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Appendix A. List of symbols

 Symbol Description  
 𝛼 Landward slope angle [rad]  
 𝛼𝑎 Acceleration factor of overtopping 

flow in COM [–]
 

 𝛼𝑤 Waterside slope angle [rad]  
 𝐵𝑐 Crest width [m]  
 𝑐𝑑 Gradient of wave run-up thickness 

(= 0.055) [–]
 

 𝑐ℎ,2% Coefficient to determine ℎ𝑝𝑒𝑎𝑘,2% [–]  
 𝑐𝑢,2% Coefficient to determine 𝑢𝑝𝑒𝑎𝑘,2% [–]  
 𝑓𝑣 Shape factor (= 2) [–]  
 𝑔 Gravitational acceleration constant 

(= 9.81) [m/s2]
 

 ℎ Local flow thickness perpendicular 
to the slope [m]

 

 ℎ0 Local flow thickness at the 
waterside crest line [m]

 

 ℎ𝑝𝑒𝑎𝑘 Peak flow thickness [m]  
 ℎ𝑝𝑒𝑎𝑘,0 Peak flow thickness at the waterside 

crest line [m]
 

 ℎ𝑝𝑒𝑎𝑘,2% Peak flow thickness exceeded by 
2% of 𝑁 [m]

 

 ℎ𝑧 Local flow thickness following 
cartesian coordinates [m]

 

 𝐻𝑚0 Significant wave height from 
spectral analysis [m]

 

 𝐻𝑠 Significant wave height [m]  
 𝑛 Manning’s coefficient [s/m1/3]  
 𝑁 Number of incoming waves [–]  
 𝑁𝑜𝑤 Number of overtopping waves [–]  
 𝑞 Local flow discharge [m2/s]  
 𝑞0 Local flow discharge at the wterside 

crest line [m2/s]
 

 𝑞𝑝𝑒𝑎𝑘 Peak flow discharge [m2/s]  
 𝑅𝑐 Freeboard [m]  
 𝑅𝑢 Individual wave run-up height [m]  
 𝑅𝑢,2% Individual wave run-up height 

exceeded by 2% of 𝑁 [m]
 

 𝑠 Distance from waterside crest line 
or upstream boundary condition 
[m]

 

 𝑡 Time [s]  
 𝑡𝑓𝑟𝑜𝑛𝑡 Wavefront arrival time [s]  
 𝑡ℎ𝑝𝑒𝑎𝑘,0 Time lag between wavefront and 

ℎ𝑝𝑒𝑎𝑘 [s]
 

 𝑡𝑢𝑝𝑒𝑎𝑘,0 Time lag between wavefront and 
𝑢𝑝𝑒𝑎𝑘 [s]

 

 𝑇𝑜𝑣𝑡 Overtopping time [s]  
 𝑢 Local flow velocity [m/s]  
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𝑢0

Local flow velocity at the waterside 
crest line [m/s]

 

 𝑢𝑏𝑜𝑡 Flow velocity measured just above 
the bed [m/s]

 

 𝑢𝑐 Critical flow velocity in COM [m/s]  
 𝑢𝑝𝑒𝑎𝑘 Peak flow velocity [m/s]  
 𝑢𝑝𝑒𝑎𝑘,0 Peak flow velocity at the waterside 

crest line [m/s]
 

 𝑢𝑝𝑒𝑎𝑘,2% Peak flow velocity exceeded by 2% 
of 𝑁 [m/s]

 

 𝑢𝑡𝑜𝑝 Flow velocity measured at the free 
surface [m/s]

 

 𝑉𝑇 Individual overtopping volume 
[m3/m]

 

 𝑥 Horizontal coordinate [m]  

Appendix B. Equations for peak flow characteristics at the water-
side crest line

B.1. Equations based on the wave run-up exceedance height

The 2% exceedance values of the peak flow velocity (𝑢𝑝𝑒𝑎𝑘,2%,0) and 
peak flow thickness (ℎ𝑝𝑒𝑎𝑘,2%,0) at the waterside crest line is given by 
Eq. (12). With the corresponding 𝑐𝑢,2%, 𝑏𝑢,2%, 𝑐ℎ,2%, and 𝑏ℎ,2% coefficients 
given in Table  B.1. The coefficients 𝑏𝑢,2% and 𝑏ℎ,2% are only used in the 
equations proposed by Formentin et al. (2019), for other models, these 
coefficients are 1.0.

Under the assumption that run-up and peak flow characteristics 
both follow Rayleigh distributions (Battjes, 1974; van der Meer et al., 
2012; van Damme, 2016), the coefficients are applied to individual 
run-up events within this study: 𝑐𝑢,2% = 𝑐𝑢 and 𝑐ℎ,2% = 𝑐ℎ. 

𝑢𝑝𝑒𝑎𝑘,2%,0 = 𝑐𝑢,2%
√

𝑔
(

𝑅𝑢,2% − 𝑅𝑐
)

𝑏𝑢,2%

ℎ𝑝𝑒𝑎𝑘,2%,0 = 𝑐ℎ,2%
(

𝑅𝑢,2% − 𝑅𝑐
)𝑏ℎ,2%

(12)

B.2. Equations based on individual overtopping volume

The equations relating the individual overtopping volume (𝑉𝑇 ) to 
the peak flow velocity (𝑢𝑝𝑒𝑎𝑘,0) and peak flow thickness (ℎ𝑝𝑒𝑎𝑘,0) at the 
waterside crest line are derived from individual overtopping events.

The equations by van der Meer et al. (2011) are given in Eq. (13). It 
should be noted that these equations are derived specifically from the 
flow from the wave overtopping simulator. 
𝑢𝑝𝑒𝑎𝑘,0 = 5.0𝑉𝑇 0.34

ℎ𝑝𝑒𝑎𝑘,0 = 0.133𝑉𝑇 0.5 (13)

The equations by Hughes (2017) are given in Eq. (14). 

𝑢𝑝𝑒𝑎𝑘,0 = 27.67

√

𝑉𝑇 tan(𝛼𝑤)
𝑇𝑚−1,0

ℎ𝑝𝑒𝑎𝑘,0 = 0.324𝑉𝑇 0.5
(14)
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Appendix C. Validation with field experiments

C.1. Schematization

To validate the numerical model, we use measurements from three 
field experiments conducted with the Wave Overtopping Simulator 
(WOS): Tholen, Millingen a/d Rijn, and Nijmegen (Future Dikes). These 
cases together provide a dataset of 89 individual overtopping volumes, 
ranging from 0.1 to 5.5 m3/m.

Figs.  18, 19, and 20 show the geometry of the three cases based 
on field surveys by Infram (Bakker et al., 2011, 2013; Daamen et al., 
2023) (black line) and schematized in the numerical model (red dashed 
line). As discussed in Section 3.2, the computational domain starts at 
the first measurement location where both the flow velocity and flow 
thickness are measured, which lies on the crest in all cases. van Bergeijk 
et al. (2020) estimated a Manning’s coefficient of 𝑛 = 0.0175 for (part 
of) these experiments. We apply this value to the entire surface, as the 
computational domain is fully grass-covered.

In each figure, markers indicate the measurement locations and 
the type of instrument used. Surfboards are equipped with integrated 
paddle-wheels, yielding measurements of both the flow thickness ℎ and 
the surface velocity 𝑢𝑡𝑜𝑝. Locations with only paddle-wheels measure 
the flow velocity near the bottom of the overtopping flow, 𝑢𝑏𝑜𝑡, with 
the sensors mounted just above the ground.

C.2. Boundary conditions

Since the overtopping flow is generated by the WOS, the boundary 
conditions from Section 2 cannot be applied directly. To account for 
the different flow characteristics, the upstream boundary is placed at 
the first measurement location. Then, the relationships between the in-
dividual overtopping volume 𝑉𝑇  and the peak flow velocity 𝑢𝑝𝑒𝑎𝑘, peak 
flow thickness ℎ𝑝𝑒𝑎𝑘, and overtopping duration 𝑇𝑜𝑣𝑡 at this boundary 
are derived from on measurements. This ensures that any differences 
between model and measurements result from flow propagation, rather 
than from inconsistencies between the WOS-generated flow and the 
schematization of real overtopping conditions.

To define these specific relationships for these cases, we first need 
to obtain 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, and 𝑇𝑜𝑣𝑡 from the measurements at this location. 
First, 𝑢𝑝𝑒𝑎𝑘 and ℎ𝑝𝑒𝑎𝑘 follow from the maxima of their measurements. 
Next, the overtopping duration is determined from the flow thickness 
measurement, as it provides a smoother signal in the tail of the over-
topping event. Specifically, 𝑇𝑜𝑣𝑡 is defined as the period during which 
the flow thickness exceeds 2 cm. This threshold is manually verified 
and adjusted if necessary for each case.

Since previous studies have shown that the relationships between 
𝑉𝑇  and 𝑢𝑝𝑒𝑎𝑘, ℎ𝑝𝑒𝑎𝑘, and 𝑇𝑜𝑣𝑡 can be described by power laws (van der 
Meer et al., 2011; Hughes, 2017), we apply the same approach here. 
New power-law relations are fitted, see Fig.  21. When simulating the 
overtopping flow for each case, we replace the generalized relations 
from Section 2 with fitted, case-specific relations to better represent 
the WOS-generated flow. These relations are calibrated solely for the 
three validation cases at the first measurement location and are not 
applicable beyond this context.

C.3. Temporal evolutions of outliers

See Figs.  22 and 23 for the outliers discussed in Section 3.2.
Table B.1
Different values for 𝑐ℎ, 𝑏ℎ, 𝑐𝑢 and 𝑏𝑢 by different studies.
 Study 𝑐𝑢,2% 𝑏𝑢,2% 𝑐ℎ,2% 𝑏ℎ,2% Range  
 van Gent (2002) 1.30 1.0 0.15 1.0 1:2.5–1:4 
 Schüttrumpf and Oumeraci (2005) 1.37 1.0 0.33 1.0 1:4–1:6  
 Bosman et al. (2009) 0.30/sin𝛼𝑤 1.0 0.01/sin2𝛼𝑤 1.0 1:4–1:6  
 van der Meer et al. (2011) 0.35cot𝛼𝑤 1.0 0.13 1.0 1:3–1:6  
 van der Meer et al. (2012)/EurOtop (2018) 1.4–1.5 1.0 0.2–0.3 1.0 1:3–1:6  
 Formentin et al. (2019) 0.12cot𝛼𝑤+0.41 1.35 0.085cot𝛼𝑤 1.35 1:2–1:6  
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Fig. 18. Geometry of Tholen from field surveys (black line) (Bakker et al., 2011) and as schematized in the model (red dashed line). The computational domain 
is shown in gray hatching. Markers indicate measurement locations and types.
Fig. 19. Geometry of Millingen a/d Rijn from field surveys (black line) (Bakker et al., 2013) and as schematized in the model (red dashed line). The computational 
domain is shown in gray hatching. Markers indicate measurement locations and types.
Fig. 20. Geometry of Nijmegen (Future Dikes) from field surveys (black line) (Daamen et al., 2023) and as schematized in the model (red dashed line). The 
computational domain is shown in gray hatching. Markers indicate measurement locations and types.
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Fig. 21. Relationships between the individual overtopping volume 𝑉𝑇  and overtopping flow characteristics at the first measurement location for three different 
cases: (a) peak flow velocity 𝑢𝑝𝑒𝑎𝑘; (b) peak flow thickness ℎ𝑝𝑒𝑎𝑘; (c) overtopping time 𝑇𝑜𝑣𝑡. The different cases are indicated by color.
Fig. 22. Comparison between measured and modeled overtopping flow for an overtopping wave with 𝑉𝑇  = 5.5 m3/m at Tholen. Top row (a.1–a.5): flow velocity 
𝑢(𝑡); bottom row (b.1–b.5): flow thickness ℎ(𝑡). Individual measurements are indicated with superscript numbers. Columns correspond to increasing distance 𝑠
along the crest and landward slope (𝑠 = 0, 2.81, 5.61, 8.40, and 11.21 m). In Figure b.2, the peak flow thickness is dominated by an (unrealistic) sharp peak 
compared to the other locations.
18 
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Fig. 23. Comparison between measured and modeled overtopping flow for an overtopping wave with 𝑉𝑇  = 5.0 m3/m at Millingen a/d Rijn. Individual 
measurements are indicated with superscript numbers. Top row (a.1–a.5): flow velocity 𝑢(𝑡); bottom row (b.1–b.5): flow thickness ℎ(𝑡). Columns correspond 
to increasing distance 𝑠 along the crest and landward slope (𝑠 = 0, 2, 4, 6, and 16 m). In Figure b.2, the peak flow thickness appears truncated compared to the 
other locations.
Data availability

The developed numerical model is available as a Python package via 
PyPi under the name boreflow (van der Vegt, 2025). The source code, 
including examples are available on GitHub under the GPL-3.0 license: 
https://github.com/nielsvandervegt/boreflow.
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