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Abstract 
 

Reducing depths drive wave shapes to deform from nearly sinusoidal to non-linear, in the 

form of skewness and asymmetry. This non-linearity is reflected in the induced orbital 

velocity, which has strong implications for wave driven sediment transport. Commonly, non-

linearity is calculated over a total time series comprising numerous waves or modelled using 

parameterisations (such as the ones founded on the Ursell-number) which are based on local 

short wave height and period, as well as water depth. These approaches neglect the 

potentially large wave-to-wave variability in skewness and asymmetry related to the grouped 

structure of the incident waves and the resulting presence of infragravity waves. The aim of 

this study is to analyse the wave-to-wave variability in the development of skewness and 

asymmetry in the cross-shore direction, on a steep and gentle slope, with an emphasis on the 

role of infragravity waves, by means of a data model approach. A total of three experimental 

settings from the GLOBEX dataset (Ruessink et al., 2013), containing high resolution data on 

the propagation of bichromatic waves over a gentle sloping bed (1:80), was analysed. The 

same three boundary wave conditions were modelled over a steep sloping beach (1:10), using 

numerical model SWASH. Both the laboratory and modelled data were analysed using an 

individual wave tracking algorithm developed for this study, capable of identifying the 

development of skewness, asymmetry, wave height, period, local depth and Ursell-number. 

Wave-to-wave variability was observed to be generally larger on a gentle bed slope, and 

explicitly in the inner surf zone (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.6). On a steep bed slope, the largest 

wave to wave variability was found in the outer breaking zone (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.6), 

and reduced in the inner surf zone. Through analysis of the relation between the Ursell-

number and Sk and As, it is concluded that variability in short wave characteristics (e.g. wave 

height) determines wave-to-wave variability in the offshore and shoaling zone. At locations 

where infragravity wave height to depth ratio was large (inner surf zone, on a gentle bed), 

wave-to-wave variability in non-linearity was found to increase. Though further research into 

other complex hydrodynamic processes in the inner surf zone is suggested, infragravity waves 

are thought to impact wave-to-wave variability in skewness and asymmetry. 
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1. Introduction 
 

As wind blows across open waters, waves are created. These can range from a couple of 

centimetres to more than ten metres in height. In deep open waters these follow fairly linear 

(sinusoidal) patterns. However, as waves propagate closer to shore, their shape starts to 

deform. This transformation to non-sinusoidal wave shape is widely regarded as one of the 

key drivers of morphological change of wave-dominated coasts, as a consequence of induced 

sediment transport (Ruessink et al., 2012; Davies & Li, 1997). Insight in these complex 

hydrodynamic processes allows for a better understanding and predictability of the 

morphology of coastal systems. 

 The wave shape in deep water, where no 

interaction with the bed is taking place, is 

sinusoidal. When waves travel closer to shore and 

depths decrease both their surface form and 

orbital water motion become increasingly non-

linear. Firstly, as a result of interaction with the 

bed, the process of shoaling is initiated. This is 

characterized by waveshapes consisting of sharp 

crests and broad, flat troughs (Fig. 1A). This form 

of non-linearity is commonly regarded as 

horizontal asymmetry or skewness (Doering & 

Bowen, 1995). Asymmetry occurs when waves 

reach even shallower depths and wave breaking is 

induced, resulting in an even steeper wave face 

and a gentle sloping rear face, commonly referred 

to as a sawtooth pattern, or vertical asymmetry 

(Fig. 1B; Elgar, 1987). The skewed and asymmetric wave shapes are reflected in their near-

bed induced orbital velocities, generally generating onshore sediment transport. 

Consequently, the development of wave non-linearity is strongly connected to morphological 

recovery of beaches, after erosional effects of storms. Thus, these processes have been 

studied extensively.  

 With rising sea-levels as a result of climate change, there is an increasing demand for 

correct modelling of the geomorphological behaviour of our coastal systems. The implications 

of skewness and asymmetry on onshore sediment transport, show that an accurate 

description of non-linear development is crucial in correct modelling. Despite the 

introduction of deterministic waves models that are capable of providing this accurate 

description, these are too computationally demanding to model morphological change on 

timescales of days, weeks and even years (Ruessink et al., 2012). In order to minimize 

computation time, parametrisations that correctly estimate the cross-shore development of 

non-linearity are needed. Currently, the parameterisations of skewness and asymmetry are 

based on local wave statistical parameters, such as wave height and length combined with 

Figure 1: Schematic Visualistation of skewed (a) and 
asymmetric wave (b) 

A 

B 
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water depth (Rocha et al., 2017). With regards to wave height, single statistical time-averaged 

parameters such as the RMS (root mean square) wave height, significant wave height or 

maximum wave height are used for geomorphological modelling. However, when using such 

bulk estimates, individual wave variability is lost. In reality, individual waves from the same 

wavefield can differ height and length (Bretschneider, 1959), hence in skewness and 

asymmetry. Not taking wave-to-wave variability in non-linearity into account can lead to 

discrepancies between modelled and actual coastal morphology. 

Abdelrahman and Thornton (1987) showed that local variations in mean water level, 

as induced by infragravity waves, alter short wave characteristics such as amplitude and 

wavelength. Infragravity waves are long period waves (25 – 250 seconds) that develop as a 

consequence of the presence of short-wave groups; the superposition between two wave 

trains of very similar wave lengths or frequency can amplify when waves are in phase and 

dampen when out of phase, creating wave groups or trains (Longuet-Higgins and Stewart, 

1962; Brown, 1999). As a result of non-linear interactions (second-order Stokes), the short 

waves form a minor rise and depression in the mean water level at the wave group length. 

This can be thought of as a wave itself, that is 180-degrees out of phase with the wave groups 

(Fig. 2). Infragravity waves, similar to short waves, have been found to undergo the processes 

of shoaling and breaking too, meaning that the water-level offset they induce, increases in 

the shoreward direction towards their breaking point (Battjes et al., 2004). This process is 

more pronounced in the case of low sloping beaches, when compared to steep sloping 

beaches (De Bakker et al., 2016). By studying the development in celerity of individual waves, 

Tissier et al. (2015) found that the wave-to-wave variability in celerity increases when waves 

enter the surf zone as a result of infragravity waves. For this reason, it is expected that non-

linearity of individual waveshape shows an increase in variability in the cross-shore direction, 

as a consequence of differences in short wave characteristics and the mean water level off-

set generated by infragravity waves. In addition, it is expected that a gentle beach slope can 

enhance non-linear variability in the cross-shore direction, as a result of the increased water-

level offset from shoaling of infragravity waves, when compared to a steeper beach slope (De 

Bakker et al., 2016). Whether this is indeed the case has not been researched before. This 

present study aims to analyse the wave-to-wave variability in the development of skewness 

and asymmetry in the cross-shore direction, on a steep and gentle slope, with an emphasis 

on the role of infragravity waves. 

 

 
 

 
Figure 2: Schematic definition of bound infragravity wave 
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This has been achieved by means of a data and modelling study, focussed on tracking 

individual waves in the cross-shore direction over a gentle and steep sloping beach and by 

studying the development of their non-linearity. This provided insight in the development of 

the range of variability in both skewness and asymmetry. The findings were analysed and 

related to the characteristics of infragravity waves. In order to accurately track individual 

waves a high-resolution dataset (both in space and time) of free surface elevation was 

required. The GLOBEX laboratory experiment as conducted and described by Ruessink et al. 

(2013), was an adequate match. Bichromatic waves were forced over a low sloping (1:80) 

beach and the water level was measured by 191 gauges at 128 Hz. These results were then 

compared to numerical data retrieved from the SWASH-model. This is a general-purpose 

numerical tool for simulating waves (TU Delft: SWASH, n.d.), which was used to recreate the 

physical experiment, in order to validate the modelled data. Ultimately, SWASH was utilised 

to model waves propagating over a steeper beach slope (1:10). 

This work is a complete and thorough description of the executed research and its 

outcomes. It starts with a literature review (Chapter 2) where relevant concepts and theories 

are elaborated upon, followed by a problem definition and research focus. Next, the 

methodology applied for conducting this study is thoroughly discussed (Chapter 3), firstly, 

focussing on the GLOBEX experimental set up; secondly, on how its data was analysed; and 

thirdly, explaining how the numerical SWASH model was set-up and validated. Results of the 

development of individual wave non-linearity in the cross-shore are visualised and 

quantitatively discussed (Chapter 4). The results and their implications are then thoroughly 

interpreted and discussed (Chapter 5). Finally, the conclusions for this research are summed 

up (Chapter 6). 
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2. Literature Review 

 

2.1 Water Depth Regimes and Development of Non-Linearity 

 

In order to describe the evolution of ocean waves over beaches, three depth zones are 

defined. The water particle motion, as induced underneath a travelling wave, follows an 

almost circular pattern. Under the wave crest, water particles flow in the traveling direction 

of the wave, under the through they flow against the traveling direction of the wave. The 

velocity wave induced particle movement reduces with depth (Fig. 3). Deep water is defined 

by depth extending deep enough that the water motion induced by the wave does not 

interact with the bed. This is the case for h / L > 0.5 where h is depth in meters and L is 

wavelength in meters (Masselink and Hughes, 2003; van Rijn, 1990).  

When waves propagate further onto beaches, intermediate water depth is reached. 

This is defined as h / L < 0.5. At this point water motion as induced by the wave is interacting 

with the bed (Fig. 3). The water particle motion close to the bed is now more elliptical, 

allowing horizontal particle transport. Also, at this point the wave starts to deform, increasing 

in amplitude and shortening its length, commonly referred to as shoaling.  

In even shallower water the wave induced water motion becomes even more 

horizontal. The shallow water zone is defined by h / L < 0.05. It is within this water depth 

regime that waves break. Four different types of wave breaking can be distinguished: spilling, 

plunging, collapsing and surging (Galvin Jr., 1968). The distinction between breaker types has 

been investigated by Battjes (1975). He developed the surf similarity-parameter, which 

distinguishes between breaker types. It was found that this depends on the offshore 

steepness of the waves and on the bed slope. In this same study it is noted that wave breaking 

occurs under a certain depth to wave height ratio. This is noted as 𝛾𝑏 = 𝐻𝑏/𝑑𝑏, where Hb 

represents breaking wave height and db represents the breaking depth. It was found that 

𝛾𝑏  ≈ 0.8, although values between 𝛾𝑏 = 0.4 and well over 𝛾𝑏 > 1 have been reported too.  

 

 
 
Figure 3: Cross-shore wave shape development 
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When waves propagate from deep into shallower water, meaning that H/h becomes small, 

linear wave theory is no longer valid. Due to shoaling, wave faces become steeper. For this, 

non-linear wave theory plays an important role. The most renowned theory stems from 1847 

and was introduced by Stokes, commonly known as Stokes’ Wave Theory. Various kinds of 

expansions have been introduced over the years (Fig. 4). However, in shallow water waves 

become non-linear to such an extent, that even these forms of non-linear theory do not hold. 

Guza and Thornton (1980) demonstrated that with a slope of 1.3 (or  1:77), linear shoaling 

theory results in a 20% error in predicting wave height, from 10 m to 3 m depth. This error 

increases from 3 m depth shoreward. This underlines the importance of developing a 

thorough understanding of nonlinear effects in near shore hydrodynamics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Skewness and Asymmetry 

 

2.2.1 Wave Shape 

 

As a result of nonlinear effects, waves shapes that were nearly sinusoidal in deep water, 

transform as they propagate over beaches perpendicular to the coast. Through the 

amplification of higher harmonics (multiples of the primary peak frequency) as depth reduces, 

throughs are lengthened and crests are shortened but elevated, also known as vertical 

asymmetry or skewness. As depths reduce further and wave breaking is induced, the wave 

crest starts to pitch forward, causing a sawtooth like pattern. This is known as asymmetry, or 

horizontal asymmetry (Sorensen, 2005).  

 Both shape transformations are a consequence of the nonlinear triad interactions, 

where energy is transferred between three wave components.  Initially, from pairs of wave 

components (frequencies f1 and f2) near the dominant spectral peak fp, energy is transferred 

Figure 4: Various kinds of non-linear wave theory Figure 5: Non-linear sum interactions visualised in a 
frequency distribution 
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to higher frequencies by the sum interactions (f1 + f2 = f3). Typically, the frequency for the 

primary, secondary and peak wave components are close (f1 ≈ f2 ≈ fp), and the third frequency, 

to which energy is transferred, is a higher harmonic (f3 = 2fp; Elgar & Guza, 1985). This is 

visualised in Figure 5.  

Skewness and asymmetry are defined by asymmetry on the vertical and horizontal 

axis, as schematized in Figure 6 by the vertical solid and horizontal dashed line. The horizontal 

axis represents the mean sea water level. For linear waves the ratio between wave height (H) 

and the amplitude (ac), is ac / H = 0.5. When waves are skewed as a result of shoaling, the 

ratio increases to ≈ 0.75. Around this point wave breaking is induced and waves start pitching 

forward, altering the ratio between 1 and 2 (Sorensen, 2005).  

 

 
Figure 6: Non-linear wave with symmetrical axes Sorenson (2005) 

More commonly, skewness (Sk, Equation 1) is defined as a function of the free surface 

elevation (η) averaged over time (indicated by < … >). Asymmetry (As, Equation 2) is defined 

by taking the Hilbert transform (H) of the free surface elevation of η for the numerator. This 

provides the following formulations, as defined by Elgar et al. (1987): 

 

𝑆𝑘 =  
< 𝜂3  >

< 𝜂2 >3/2  eq. 1 

 

𝐴𝑠 =  
<𝐻 (𝜂)3 >

< 𝜂2  >3/2   eq. 2 

 

In sufficiently deep water, when waves are nearly sinusoidal, both skewness and asymmetry 

remain low (Sk ≈ 0; As ≈ 0). As waves propagate into shallower waters, while the process of 

shoaling is progressing wave become increasingly skewed, or vertically asymmetric (Sk > 0). 

When water depths decrease further and waves start pitching forward and eventually break, 

the skewness decreases (Sk ≈ 0), while waves become increasingly asymmetric or horizontally 

asymmetric (As < 0). Note that for asymmetry, an increase in nonlinearity is signified by the 

number becoming more negative, whilst for skewness an increase in nonlinearity is signified 

by the number becoming more positive. Maximum values for skewness are in the order of 

𝑆𝑘𝑚𝑎𝑥 ≈ 1 𝑡𝑜 2, for asymmetry these values are in the order of -𝐴𝑠𝑚𝑎𝑥 ≈ −1 𝑡𝑜 − 2.  
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2.2.2 Induced flow and sediment transport 

The implications of these parameters, on orbital velocity and consequently sediment 

transport, are the main reason for wave skewness and asymmetry being thoroughly 

researched. When a wave is skewed, the flow velocity it induces near the bed follows an 

orbital pattern of high flow velocities during a short period of time (underneath the crest) in 

the onshore direction, followed by low flow velocities in the offshore direction during a longer 

period of time (underneath the through). The high flow velocities stir the sand, resulting in 

larger concentrations of coarse sediment near the bed, known as bed load, which are in phase 

transported with the water flow in the onshore direction. When finer sediment is stirred, it 

reaches further from the bed (higher in the water column), also known as suspended 

sediment. Suspended sediment needs more time to settle down, creating a settling lag, and 

is consequently transported during the lower velocities directed offshore as induced by wave 

crest. However, as the total sediment concentrations are largest during the high onshore flow 

velocities, skewed waves transport sediment in the onshore direction. This mechanism was 

demonstrated in a laboratory experiment by (Ribberink et al., 2008). 

  Asymmetric waves are also known to induce onshore sediment transport. Just prior 

to and during the process of wave breaking, the sawtooth shape with steep faces and more 

gently sloping rear faces, generates strong flow velocity accelerations under the steep face, 

similar to skewed waves. However, as a result of more pronounced phase lag effects, the 

offshore flow underneath the through is capable of transporting a similar amount of sediment 

(Elgar et al., 1988). The induced onshore flow is capable of transporting just slightly more 

sediment. However, underneath asymmetric waves, in the surf zone, the sediment is stirred 

more vigorously when compared to skewed waves in the shoaling zone, leading to much 

greater sediment concentrations that are being suspended. For this reason, wave asymmetry 

is considered to have a larger influence on onshore sediment transport than wave skewness 

(Austin et al., 2009). This underlines the importance of investigating the development of wave 

shape asymmetry.  

 

2.3 Ursell-number 

Wave nonlinearity of skewness and asymmetry is often parametrised and based on local wave 

statistical parameters, such as wave height and length combined with water depth, of which 

the most renowned example is the Ursell number (Eq. 5). This is a dimensionless parameter 

introduced in 1953 by Fritz Ursell. It is defined by the following functions as defined by 

Doering & Bowen (1995); where h represents depth; aw represents the amplitude of the wave 

as half of the wave height (H) and k represents the wave number as a function of the wave 

length (L).  

𝑎𝑤 = 0.5 𝐻  Eq.3 

𝑘 =
2𝜋

𝐿
   Eq.4 

𝑈𝑟 =  
3

4

𝑎𝑤 𝑘

(𝑘ℎ)3  Eq.5 
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Doering and Bowen (1995) have related the Ursell-number to the development of orbital 

velocity skewness and asymmetry. This work has been elaborated by Ruessink et al. (2012). 

From 30.000+ field observations of flow velocity skewness and asymmetry it was established 

that the Ursell-number describes the variability in skewness and asymmetry well. The fitted 

relation as found by Ruessink et al. (2012) is visualised in Figure 7. According to these fits, 

when waves are (close to) sinusoidal, both skewness and asymmetry are low; correspondingly 

the Ursell-number is also low (Ur < 0.1). As depth decreases and the process of shoaling 

causes the waves to skew to a maximum level, asymmetry is still small (Ur ≈ 1). As the process 

of wave breaking is induced, asymmetry increases and skewness reduces back to zero (Sk ≈ 

0, As < 0), Ur increases exponentially. Consequently, the Ursell-number represents the non-

linearity in one single number (Doering & Bowen, 1995; Ruessink et al., 2012).  

 
            Figure 7: Relation between Ursell-number and Sk & As (Ruessink et al., 2012) 

It should be noted that despite the use of such an extensive data set, there is much scatter 

that is not explained by these fits. Ruessink et al. (2012) appoint this to directional spread of 

wave propagation in the field. For this reason, the proposed fits have been criticised and 

improved by Rocha et al. (2017) and De Wit et al. (2019).  

The first study critiques the parameterisations for nonlinearity as a function of Ursell 

as suggested by Ruessink et al. (2012) and suggests improvements. When comparing the 

modelled results against the parameterisation as suggested by Ruessink et al. (2012), clear 

under estimations are found. It should be noted that results from Rocha et al. (2017) are 

numerically modelled whereas those of Ruessink et al. (2012) are based on a large quantity 

of field data. When altering bed slope, varying relationships between Ur and non-linearity 

parameter B (combining skewness and asymmetry) are found. It was found that the 

underestimation correlates negatively with increasing wave height (e.g. larger 

underestimation for smaller wave height), and positively with bed slope, both visualised in 

Figure 8. It is also noted that skewness is mainly affected, asymmetry less so.  
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The latter study by De Wit et al. (2019) 

indicates that in deeper water, variability in 

wave shape non-linearity was well-explained by 

variability in local Ur. However, in shallower 

water, only part of the variability in skewness 

and asymmetry could be explained by the 

variability in Ursell. This indicates that some 

physical processes are not properly accounted 

for. Towards shallower depths, a rapid 

decrease of Ur is observed for breaking 

conditions. This decrease, caused by a 

reduction in wave amplitude, dominates Ur. For 

non-breaking conditions an increase in Ur is 

observed, caused by a reduction in depth. This 

causes significant scatter in Sk and As as a 

function of Ur at shallow locations. The increase 

in scatter in shallower water could be 

attributed to a combination of three main 

physical process: spatial variability in tidal 

currents, wave-breaking and the nonlinear 

energy transfer rate.  Wave lengths were found 

to respecivelydecrease and increase with 

opposing and following  tidal currents, causing 

a decrease in Ur. Also, it is noted that Ur does 

not properly account for non-linear energy 

transfer rates. The wave shape non-linearity 

reacts to changes in depth with some delay. By 

adapting the fits of Ur with values that 

correspond to an earlier stage of wave 

transformation through slightly increasing 

depth, a reduced variance from 0.09 to 0.08 

was found for Sk (Fig. 9). This indicates an 

improvement of predicting non-linearity from 

Ur. (De Wit, 2019). In this study the effects of 

infragravity waves are not discussed. The larger 

values of Ur are produced in shallower depths, where the predicting capabilities of Ur with 

regards to Sk and As were found to be less accurate. Especially in these shallower locations 

infragravity waves can become a dominant factor (De Bakker et al., 2016). 

 

  

Figure 9: (a) Sk and (b) As as a function of local Ur. 
(c) Sk and (d) As of a function Ur∗ (with adjusted 
depth; De Wit et al., 2019) 

Figure 8: Nonlinearity parameter B calculated for runs 
with varying wave height and bed slope; solid line 
Ruessink fits, dashed lines fluctuating (a) Hm0 and (d) bed 
slope fits (Rocha et al., 2017). 
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2.5 Infragravity Waves 

 

Besides the wind-generated “short” waves, lower frequency waves are present in oceanic 

waters. These waves are commonly known as infragravity waves. Typically, these are defined 

by wave frequencies between 0.004 and 0.04 Hz, whereas short-wave frequencies are 

defined between 0.04 and 1 Hz. At relatively low water depth, long-waves demonstrate 

wavelengths that stretch far longer than short waves, ranging from a few hundred meters to 

kilometres.  Infragravity waves have been known to play a significant role in coastal 

hydrodynamics, sediment transport and various other coastal processes (Berntin et al., 2018). 

It is perceived that the presence of long waves can modify characteristics of short waves, such 

as amplitude and wavelength (Abdelrahman and Thornton, 1987), underlining the 

importance of considering these in this present study. 

 In 1949, Munk identified that the presence of short-wave groups is related to the 

lower frequency motions of run-up along the shoreline. Longuet-Higgins and Stewart (1962) 

theoretically esthablished that short waves induce a long wave that is bound to the incident 

wave group. They developed and applied their concept of radiation stress to a one-

dimensional bichromatic wave-field. This is a wave signal that travels onshore with two 

specific frequencies. The superposition between two wave trains of very similar wave lengths 

and / or frequencies can amplify when waves are in phase and dampen when out of phase, 

creating an offset in the mean water level. The short waves form a minor rise under the 

smaller waves of a group and depression in the mean water level under the larger waves of a 

group (Brown, 1999). This can be thought of as a wave itself that is 180-degrees out of phase 

with the wave groups and has the same wavelength as the length of the short wave group. 

This phenomenon is known as bound long-waves. This is visualised in Figure 2.  

Another driver of infragravity wave energy is the variation of breakpoint. This was 

identified by Symonds et al. (1982). Larger short waves within the group tend to break at 

larger depths, further offshore when compared to smaller short waves. This process is 

visualised in Figure 10.  This breakpoint mechanism acts a sort of wave maker and generates 

both a free long wave obliquely incident towards the shore, also known as the release of the 

bound infragravity wave, and a free long wave directed offshore. The shoreward free wave is 

then also reflected in the seaward direction. The interaction between the incident and the 

reflected infragravity waves generates a standing (or stationary) wave pattern with nodes and 

antinodes (Bertin et al., 2018).  

 It was found by Basco and Yamashita (1986) that the width of the breaking zone is 

dependent on the previously discussed surf similarity-parameter as found by Battjes (1975). 

This suggests that it is, amongst others, dependent on bed slope. On a steeper bed slope the 

cross-shore width of the breaker zone is smaller, as the location where the largest and 

smallest waves break is narrow. On a steeper bed slope the breaker zone is wider.  
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                 Figure 10: Wave height modulation as a consequence of infragravity waves (Brentin et al., 2018) 

 

Within the inner surf and swash zones 

infragravity waves can be more energetic when 

compared to short (wind) waves. It was found 

that energy transfered from short waves makes 

these lower frequency waves more energetic. 

Similar to the previously discussed sum 

interactions, where short waves transfer energy 

to their higher harmonics, short waves also 

transfer energy to infragravity waves through 

difference interactions. These are defined as: f1 – 

f2  = f3 (Herbers et al., 1994). Through these 

interactions, infragravity waves have been found 

to undergo the process of shoaling, through 

which their wave height increases. This 

behaviour can be seen as progressive. With 

regards to the development of nonlinearity of 

infragravity waves De Bakker et al. (2015) applied 

a bispectral analysis to identify these nonlinear 

energy transfers that involve infragravity 

frequencies. Within the shoaling zone, nonlinear interactions mainly result in an energy 

transfer from the spectral peak to its higher harmonics by sum interactions. Infragravity 

waves gain energy by difference interactions. Shoreward of the surf zone, little to no energy 

remaims from the short waves. Here, the nonlinear interactions are dominated by these 

infragravity frequencies. Consequently, as most short waves have dissipated energy through 

breaking, the infragravity waves from the dominant source of energy in the inner surf zone. 

This was found to be particularly true during high energy conditions (Guza & Thornton, 1982; 

Ruessink et al., 1998).  

 Abdelrahman and Thornton (1987) investigated the ways in which infragravity waves 

can modulate short wave characteristics. Firstly, they stated analytically that as a 

consequence of the slowly varying depth, as induced standing long waves, this modulates the 

amplitude, wavenumber (which includes wave length) and propagation direction of short 

waves. Following a field study, it was identified that in deeper water a negative correlation 

Figure 11: Schematic effects of bed slope on the 
modulation of short waves (De Bakker et al., 2016) 
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exists between the incident short wave envelope and the infragravity motion (indicating a 

phase difference of 180°). In the surf zone, as infragravity waves are released, this correlation 

is positive which confirms the analytically demonstrated short wave modulation of 

infragravity waves.  

De Bakker et al. (2016) found that the energetic dominance of infragravity waves in 

the inner surf zone was more pronounced on low sloping beaches, when compared to steep 

sloping beaches. This is conceptually visualised in Figure 11. Through the analyses of two field 

data sets, it was found that on a moderately sloping beach (1:35), infragravity wave height 

was relatively small when compared to the sea swell waves (Hig / Hsw < 0.4), despite offshore 

wave conditions being energetic with heights reaching close to 5 m. On the gentle sloping 

beach (1:80) it was found that infragravity waves were more energetic when compared to the 

sea swell waves (Hig / Hsw > 0.4). This figure also shows the development of r0. This parameter 

represents the correlation of the infragravity-wave orbital motion with the sea-swell wave 

envelope, similar to Abraham and Thornton (1987). When an infragravity wave is bound 

(offshore) the largest short waves (thus envelope) are found at the trough of the infragravity 

wave, indicated by a negative r0 < 0. Closer to shore, where the bound wave is released, a 

positive correlation is found where the short wave envelope is largest at the crest of the 

infragravity wave, indicated by a positive r0 > 0. Consequently, short waves are modulated by 

the infragravity waves. It is found that this effect is stronger on a gentle sloping beach, when 

compared to a moderately sloping beach. Also, it is hypothesized that this modulation on 

steep sloping beaches is small or even absent. 

 

2.6 Problem Definition and Hypoptheses 

 

Properties of individual waves can differ greatly. Around the 1950’s, various distribution types 

were introduced for describing the variability in short wave height and length. Longuet-

Higgins (1952) suggested that a Rayleigh distribution captures this variability in oceanic 

waters rather well. Such distributions emphasize that individual waves have unique 

properties with regards to height and length, with consequently varying celerity. Tissier et al. 

(2015) found that the wave-to-wave variability of celerity, is large in a natural surf zone, with 

faster bores overtaking slower ones and sometimes merging.  

 Rocha et al. (2017) investigated the influence of offshore wave conditions and beach 

slope on the development of wave non-linearity. Wave conditions; such as offshore wave 

height (Hm0), peak period (Tp), spectral bandwidth (𝛾) and bed slope (tan(𝛽)) were varied and 

simulated using the SERR1D model. It was found that the development and maxima of wave 

non-linearities, as expressed by skewness and asymmetry, are dependent on those wave 

conditions.  Smaller offshore Hm0 (for the same Tp) and greater offshore Tp (for the same Hm0) 

lead to greater maximum value of non-linearity. In addition, a decreasing bed slope leads to 

larger maximum skewness and similar maximum asymmetry but is initiated at a greater depth 

(Fig. 12h). These findings are visualised in Figure 12. This suggests that non-linearity of 

individual waves with different characteristics, or when propagating over a different bed 
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slope, will develop differently. Despite these modelled results being based on varying bulk 

estimates of the offshore wave conditions, these finding indicate that when characteristics of 

individual short waves differ, a varying development in non-linearity is observed. 

 
Figure 12: Cross-shore evolution of Hrms (solid lines – total; dashed lines IG waves only), Skη and Asη as a function of (a)/(e) 

offshore wave height, (b)/(f) offshore peak period, (c)/(g) offshore spectral bandwidth, (d)/(h) beach slope (Rocha et al., 2017) 

Tissier et al. (2015) analysed data 

from two high-resolution laboratory 

experiments, where bichromatic 

waves were forced over a constant 

sloping beach. Through an analysis of 

individual wave development from 

these laboratory experiments, it was 

found that variability in celerity 

increases within the surfzone. This 

variability was seen to relate to the 

presence of infragravity waves. When 

the standard deviation of individual 

wave celerity was plotted as a 

function of the mean value of 

𝐻𝑟𝑚𝑠, 𝑙𝑓 / ℎ̅ (Hrms,lf  = Root Mean Square Infragravity Wave Height , ℎ̅ = Depth), an 

approximately linear trend is found (Figure 13). This confirms that when the ratio of 

infragravity wave height over depth increases (𝐻𝑟𝑚𝑠,𝑙𝑓/ℎ ≥ 0.15), correspondingly an 

increase in the wave-to-wave variability in celerity is observed.  

 Findings by Rocha et al. (2017) implicate that when tracking individual short waves of 

varying characteristics (e.g. wave height) a variability in skewness and asymmetry is found. 

De Wit et al. (2019) observe that Ursell is capable of explaining variation of skewness and 

asymmetry, but less so in the inner surf zone, as a consequence of complex hydrodynamics. 

Findings by Tissier (2015) point out that, as a consequence of the infragravity induced mean 

water level off-set, the wave-to-wave variability in celerity increases in the inner surf zone. 

These observations combined have led to hypothesize that, regarding the cross-shore 

Figure 13: Standard deviation of individual celerity as function of the 
infragravity wave height over depth ratio (Tissier et al., 2015) 
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development of individual waves, different short wave characteristics will drive wave-to-

wave variability in skewness and asymmetry, in the offshore and shoaling zone. In the surf 

zone, it was expected that, similar to variability in celerity, an increase in wave-to-wave 

variability occurs when the infragravity wave height over depth ratio is large (𝐻𝑟𝑚𝑠,𝑙𝑓/ℎ ≥

0.15). On a gentle bed slope this variability in non-linearity would be more pronounced, as 

the infragravity waves are more progressive, when compared to a steeper bed slope, based 

on findings of De Bakker et al. (2016) and Rocha et al. (2017). This has not been studied 

before. 

 

2.7 Study Aim Research Questions 

 

The aim of this study is to analyse the wave-to-wave variability in the development of 

skewness and asymmetry in the cross-shore direction, on a steep and gentle slope, with an 

emphasis on the role of infragravity waves. This is achieved by a modelling and data analysis 

study that involves tracking the non-linear development of individual waves. In order to 

achieve accurate wave tracking a high-resolution data set, both in space and time, containing 

free surface elevation of bichromatic waves (containing short and infragravity wave 

frequencies) propagating over a constant bed slope, was necessary. The GLOBEX data set, 

retrieved from a laboratory experiment, was an adequate fit. This dataset contains 

information on free surface elevation, measured by 190 gauges at 128 Hz, of bichromatic 

waves propagating over a low sloping beach; 1:80 m (Ruessink et al., 2013). Another data set 

containing information of a similar experiment of waves propagating over a steep sloping bed 

was needed for comparison. As no such data set exists the phase resolving SWASH-model has 

been utilised. This is a general-purpose numerical tool for simulating waves (TU Delft: SWASH, 

n.d.), which will be used to recreate the physical experiment to validate data retrieved from 

the numerical model. Ultimately, the model will be utilised to model waves propagating over 

a steeper beach slope (1:10). 

 An individual wave tracking algorithm was created, that traces waves through the 

cross-shore and calculates the development various characteristics, including non-linearity 

parameters skewness and asymmetry. Findings of this analysis will be presented and 

discussed in order to formulate coherent answers on the following research questions: 

1. How does the wave-to-wave variability of skewness and asymmetry develop in the 

cross-shore direction?  

2. What is the influence of the infragravity waves on wave-to-wave variability of non-

linearity? 

3. What is the influence of bed slope on the wave-to-wave variability of nonlinearity? 

 

As a spin-off, the conventional ways of calculating skewness and asymmetry are compared to 

findings of the individual wave analysis. It is relevant to investigate whether this more detailed 

approach to wave non-linearity creates discrepancies, or whether it resembles the more 

traditional approach.  
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3. Methods  
 

3.1 GLOBEX experiment 

 

The laboratory experiment, examined in this study, was executed in the Scheldegoot flume 

at Deltares (Delft, Netherlands). The flume was 110 m long, 1 m wide and 1.2 m high. The 

experimental set-up is visualised in Figure 14. The bed started with a straight section that runs 

to 16.57 m (cross shore distance from the wave maker) and then went up following a gentle 

slope of 1:80. The mean shoreline was located at 84.57 m from the wave generator. This led 

to a still water depth of 0.85 above the plain section. The purpose of the GLOBEX laboratory 

experiment, was to investigate short wave and infragravity wave interaction (Ruessink et al., 

2013). Within the flume, waves were generated using a piston-type wave maker, which 

possessed Active Reflection Compensation, allowing minimisation of reflection at the seaward 

boundary. This piston was capable of producing regular waves with a maximum height H of 

0.4 m and irregular waves with a significant wave height Hs of 0.25 m.  

 

Eight wave conditions were simulated, together compiling three series titled A, B and C. Series 

A consisted of random short waves, which resembled field conditions. Series C contained two 

single monochromatic wave cases in which groups do not exist. Series B comprised of three 

bichromatic wave cases, this research focusses on those three bichromatic experiment 

settings. All series were repeated ten different times with identical paddle motion and with 

instrument gauges placed at different positions. This led to 190 measurement locations of 

water surface elevation  at 128 Hz (Fig. 14). Each of the three B-series consisted of an 

effective time length of 24-minutes. 

For the B series, wave conditions wee determined by two specific short wave 

frequencies. Consequently, this led to the presence of monochromatic infragravity waves in 

the experimental flume. The wave signal characteristics are presented in Table 1. The 

amplitudes corresponding both f1 and f2 frequencies were identical in B1 and B2. However, 

the frequencies of the primary components f1 and f2 varied such a way that the infragravity 

frequency f3 = f2 – f1 decreased from 0.067 to 0.042 Hz. Series B3 consisted of the same 

Figure 14: Experimental setup, with elevation z vs. crossshore distance x (both in meters). Dots represent the surface 
elevation gauges and plusses the velocity measurements (Ruessink et al., 2013) 
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frequencies as B2. However, the group modulations were enhanced by decreasing amplitude 

a1 and increasing a2. In all three series B cases the sum of both amplitudes equalled 0.1 m.  

 
Table 1: Overview of waveconditions for GLOBEX B-series (Ruessink et al., 2013) 

 a1 (m) a2 (m) f1 (Hz) f1 (Hz) Remark 

B1 0.09 0.01 6/15 7/15 1/f3 = 15.0s; fmean = 0.433 Hz 

B2 0.09 0.01 0.420 0.462 1/f3 = 23.8s; fmean = 0.441 Hz 

B3 0.07 0.03 0.420 0.462 1/f3 = 23.8s; fmean = 0.441 Hz 

 

As the analysis of individual waves will be linked to the presence of the infragravity waves, 

which are a consequence of the presence of the wave groups, it is important to note that in 

the GLOBEX experiment B series, the wave input was defined in such a way that wave groups 

consisted of an integer number of waves.  In the case of B1, the difference between f1 and f2 

was 1/15 Hz, or 0.0667 Hz (15.0 s). The primary wave frequency was set at 6/15 Hz, or 0.4 Hz, 

meaning that each wave group consisted of a total amount of 6 waves. In this case the wave 

period of the long (infragravity-) wave was 6 times the period of the primary wave frequency. 

For the B2 and B3 series, the difference between f1 and f2 is 0.042 Hz (23.8 s). The primary 

wave frequency was set at 0.42 Hz, meaning that each wave group consisted of a total of 10 

waves. In this case the wave period of the long (infragravity-) wave was 10 times the period 

of the primary wave frequency. 

 

3.2 Data Analysis 

 

3.2.1 Detrending and filtering 

 

Firstly, as a result of set-up and set-down the mean water levels increase as the waves shoal 

and break. This effect was to be taken away from the data and by subtracting the mean water 

level for each gauge, as averaged over the entire time series of the data set. This makes sure 

that the free surface elevation, averaged around 0. 

Secondly, the free surface elevation data needed to distinguish between information 

on the high frequency (short) waves, and low frequency (long) waves. This was done using a 

bandpass filter. In the field, the high frequency band is typically set between 1 Hz and 0.05 

Hz. The low frequency band is then set between 0.05 Hz and 0.005 Hz (Serverance, 1970). 

However, since this laboratory experiment was executed at smaller scale and the wave 

frequencies are known, it was possible to fine tune this. The high frequency band was set 

between 5 and 0.3 Hz. The low frequency band was set between 0.3 and 0.005 Hz. An example 

is shown in Figure 15. This approached proved to accurately divide the high and low wave 

frequencies. 
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Figure 15: Example of fitlering of high-frequency and low-frequency signals from original free surface elevation 

 

3.2.2 Spatial Tracking of Individual Waves 

 

In order to accurately track individual short waves, the waves needed to be distinguished 

from one another. The spatial tracking of individual waves was performed by tracking their 

crests. These can be observed as peaks in the free surface elevation. The computation of the 

wave tracker worked by iterating over each time step, gathered at 128 Hz, for all 190 gauges. 

At each time step the free surface elevation was plotted as a function of space. From this, 

peaks were identified. The identified peaks were labelled in ascending order, starting at the 

most offshore location (nearest to the wavemaker). The first new peak to enter the system 

was labelled number 1, the second number 2 etc., as visualised in Figure 15. Through trial and 

error, it turned out that the crests were only identified when higher than 0.005 m and when 

they are spaced at least 6 gauges apart. For this reason, the local bumps that arise within the 

surf zone because of non-linear interactions, were less likely to be identified as actual waves 

(e.g. see Figure 15 at x > 40 m).  

 

 

For each, wave the non-linearity parameters (as described in section 2.2) needed to be 

determined. These are expressed as a function of time, not of space. In order to retrieve this 

information, at each time iteration, for each identified peak, a time window was specified. 
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Figure 16: Example of wave labbeling and tracking algorithm 
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Within this time window, the current crest and preceding crest were identified and the free 

surface elevation between those points represents the individual wave, see Figure 17. The 

time window was defined by 100 timesteps (-0.78 sec) forwards and 500 backwards (3.9 sec). 

This was done, seeing that, with a spatial resolution of 190 gauges, the free surface elevation 

of the crest, as determined by the spatial tracking, might not correspond with the actual crest 

of the wave. In other words, the actual crest of the wave could be located in between to 

gauges. By defining a time window that spanned longer than the total period of the wave, it 

was guaranteed that the actual crest is found. In this time window again two peaks were 

identified, and the wave is snipped between those and later used for calculation.  

Despite the data being detrended, it turned out that it is easier to separate waves by 

their crests, rather than by the positive to negative zero crossing, which is the more formal 

way of identifying individual waves. The previously mentioned bumps, that develop in the 

shoaling zone, could result in multiple positive to negative zero crossings within a single wave. 

This can be seen in Figure 17, at 𝑥 ≈ 1.6 𝑠. Further shoreward these bumps became more 

pronounced, complicating the identification of which exact zero crossing is of the original 

individual wave. This informs the decision to snip waves at the tracked and preceding crest. 

 

 
Figure 17: Example of "snipping" individual wave from time series 

Close to the offshore boundary, where waves behaved fairly linearly, identification of 

individual wave crests was straightforward. Within the surf zone, this became increasingly 

complex. Despite identifying waves at their crest and setting a minimal surface elevation 

value in combination with a minimal number of gauges that individual waves should be apart, 

the tracking algorithm sometimes failed to correctly identify the actual movement of the 

remainder of a wave within the surf zone. For example, it was possible that a local bump 

generates a higher surface elevation than the remainder of an individual short wave, that has 

already broken. In this case the algorithm would identify that bump as the new location of 

the tracked wave. In such a situation, the location of the incorrectly tracked wave suddenly 

moves seaward. This was identified as un-realistic behaviour and the tracking process was 
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stopped. Also, a jump forward in space, signified by the location of a tracked wave skipping a 

gauge, is another criterium to stop the process of wave tracking.  

 With these mechanisms, the algorithm is capable of accurately tracking a wave to 

around 𝑥 ≈  75 𝑚, which corresponds to a depth of ≈ 0.125 m. For the larger short waves, 

the accurately tracked distance reaches further than this. However, as a significant number 

of waves would no longer be tracked around 𝑥 ≈  75 𝑚, the final gauge that was taken into 

consideration is set at x = 76.3 m.  

 

3.2.4 Individual Wave Parameters 

 

Skewness and Asymmetry 

 

Data retrieved from GLOBEX contained information of the snipped individual wave free 

surface elevation (i ) (Fig. 17). The individual wave shape skewness (Si) was computed as the 

standard statistical expression of skewness,  

 

𝑆𝑘𝑖 =  
< 𝜂𝑖

3 >

< 𝜂𝑖
2 >3/2 eq. 6 

 

𝐴𝑠𝑖 =  
<𝐻 (𝜂𝑖)3 >

< 𝜂𝑖
2 >3/2  eq. 7 

 

 

where the < ⋯ > represents averaged over the time series, and the denominator represents 

the standard deviation of 𝜂𝑖. This was calculated for each individual wave (i ). The asymmetry 

(Asi) was computed using the same equation, but by taking its Hilbert transform (Elgar et al., 

1987). In this way, waves that are pitching forward will show negative values. 

 

Wave Height, Period and Depth 

 

Wave height was computed by taking the maximum value of each 𝜂𝑖 and substracting the 

minimum 𝜂𝑖 (see Equation 5). Wave period was easily be computed as the amount of time 

steps comprising the snipped wave, multiplied by the recording frequency (128 Hz). Depth 

(hi) was computed by taking the mean of the individual snipped wave from the original free 

surface elevation (𝜂𝑖,𝑜𝑟), meaning it includes set-up and set-down and the infragravity wave 

induced mean water level offset, and subtracting the depth at the location of the gauge where 

the wave is identified.  

 

𝐻𝑖 =  𝜂𝑖,𝑚𝑎𝑥 − 𝜂𝑖,𝑚𝑖𝑛   eq. 8 

 

Range 
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In order to assess the variability of both skewness, asymmetry and wave height, the range 

was computed at each location. This was calculated by determining the maximum and 

minimum value of both non-linearity parameters per gauge, and then subtracting the 

minimum values from the maximum. This provides insight in the cross-shore development in 

wave-to-wave variability. 

 

𝑦𝑟𝑎𝑛𝑔𝑒 = 𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛 eq. 9 

 

Ursell-number 

 

The Ursell number is a parameterisation of nonlinearity of waves (Doering & Bowen, 1985). 

Commonly, it is expressed as a function of time averaged wave statistical characteristics. 

However, in this study it is computed for each individual wave (Uri) following Equation 10, 

and precedingly equation 11 and 12. Where hi represents depth; ai represents the amplitude 

of the wave as a function of the wave height (Hi) and ki represents the wave number as a 

function of the wave length (Li). The latter variable is not computed from the algorithm, and 

is thus approximated using the wave period (Ti) following linear theory as described by Guo 

et al. (2002) 

 

𝑈𝑟𝑖 =  
3

4

𝑎𝑖 𝑘𝑖

(𝑘𝑖ℎ𝑖)3  eq. 10 

 

𝑎𝑖 = 0.5 𝐻𝑖  eq. 11 

 

𝑘𝑖 =
2𝜋

𝐿𝑖
  eq. 12 

   

Infragravity water level variations 
 

The mean water level alterations, as induced by the infragravity waves were also tracked for 

each individual wave. As stated in 3.2.1 the high frequency and low frequency data have been 

separated, resulting in data containing information on the short-wave spectrum and the 

infragravity wave spectrum. For each individual wave, as it travels through the system, the 

off-set of the mean water level was found by taking the same time frame as the snipped short 

wave, but from the lower frequency data.  

 

3.2.5 Wave Group Similarity 
 

The GLOBEX wave conditions were defined such that waves are bichromatic. This means that 

wave groups consist of an integer number of waves and they repeat themselves. In order to 

assess if waves from different wave groups developped similarly, the cross-shore 

development of the same wave of different groups is visually compared. The first wave of a 
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group was determined as the one individual wave crest closest to the crest of the incoming 

long waves, i.e. the smallest wave of the wave group (Fig. 18b and c). Figure 18a shows that 

the same individual wave of five different groups develops identical throughout the wave 

flume for 𝑆𝑘𝑖 , 𝐴𝑠𝑖 , 𝐻𝑖 and 𝑈𝑟𝑖. For example, there is a distinguishable dip (at 𝑥 =  70 𝑚) in 

skewness present for the five waves with label 2, plotted in Figure 18a. This dip is not present 

for waves with label 5. Ultimately, this means that discussing the development of the 

individual waves making up a single wave group, will be representative of all waves present 

in the entire time series. For other experimental settings, see Appendix.  

  

 
Figure 18: (a) similar development of individual waves from five different wave groups with  label 2 (1st row), label 5 (2nd row) 
and label 8 (3rd row) for Sk (1st column), As (2nd column), Hi (3rd column) and Ur (4th column) as function of distance (m) ; (b) 
free surface elevation at the first gauge with corresponding wave label; (c) individual wave height at the first gauge plotted 
as function of wave label. 

 

3.3 SWASH Numerical Model 

 

SWASH is a general-purpose numerical phase resolving model for simulating non-hydrostatic, 

unsteady, rotational flow, transport phenomena and free surface in coastal waters as driven 

by tides, wind forces, buoyancy and waves. It is developed by the Technical University of Delft. 
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It is capable of providing general basis for describing wave transformations from deep water 

to a beach (TU Delft: SWASH, n.d.). The model was used to simulate an experiment which 

resembled the GLOBEX experiment as closely as possible, over a similar slope (1:80), in order 

to validate the use of the model. After the model was ran with similar settings over a steeper 

sloping beach (1:10).  

SWASH was utilised in a one-dimensional cross-shore setting. Similar to GLOBEX it 

consisted of a wave-maker boundary on the west end and a sloping beach towards the east, 

positive x-direction. For a full model description, see Zijlema et al. (2011). Within this setting 

the governing equations can be written as follows: 
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𝜕𝑤

𝜕𝑧
= 0 

 

 

Where x is the horizontal coordinate and z the vertical. With z positive being above the still 

water level ( =  0), meaning that 𝑧 =  −𝑑 represents the bed level. Where  represents 

free surface elevation, t represents time, 𝑢(𝑥, 𝑧, 𝑡) and 𝑤(𝑥, 𝑧, 𝑡) are the horizontal and 

vertical flow velocities,  is the density. The hydrostatic pressure is described by 𝑝ℎ =

 𝜌𝑔(𝜂 − 𝑧) and 𝑝𝑛ℎ  is the non-hydrostatic pressure contribution. Turbulent stresses are 

represented by , and are obtained from a turbulent viscosity approximation. Bottom stress 

is accounted for by the quadratic friction law at the bottom boundary,  

𝜏𝑏,𝑥 =  𝑐𝑓

𝑈|𝑈|

ℎ
 

 

with h representing total water depth (ℎ =   +  𝑑), U the flow velocity averaged over depth, 

and cf  the dimensionless friction coefficient determined by the following equation, where n 

represents the Manning friction coefficient and g the gravitational constant (9.81 m/s2): 

 

𝑐𝑓 =  
𝑛2𝑔

ℎ1/3
 

 

3.3.1 SWASH Set-Up 
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In this study, the model set-up was largely based on earlier work from De Bakker et al. (2015), 

who previously executed SWASH to resemble the GLOBEX lab experiment. In contrast, to this 

study they simulated the A-series experiments, which consists of three random short waves 

conditions. In this research the three bichromatic experiments were reproduced, with wave 

conditions as described in Table 1.  

In order to resolve the wave motion as accurately as possible, a spatial resolution of 

0.02 m was chosen; this is sufficient when compared to the wavelength of the dominant wave 

frequencies. Simulations have been run with a time step of 0.002 s; this corresponds to a 

Courant number of around 0.3. The bottom boundary layer was defined with a friction 

coefficient (cf) calculated with n = 0.015 s/m1/3, which is a typical value for unfinished concrete 

(Chow, 1959). 

The wave boundary settings are based on Tissier et al. (2015), who used SWASH to 

numerically simulate the Van Noorloos experiment (Rijnsdorp et al., 2014). Similarly, to the 

GLOBEX B-series, these lab data consisted of bichromatic wave conditions. The model was 

forced with bichromatic Fourier series defined by the parameters: the amplitude for zero 

frequency in meters (= 0 for all three scenarios), the amplitude in meters (see Table 1), the 

angular frequencies derived from the wave periods (see Table 1) and the phase (= 0 for all 

three scenarios). A weakly reflective boundary was utilised in order to avoid rereflection of 

the long-wave frequencies from the offshore boundary. All three simulations were executed 

using two vertical layers. Wave breaking was first set to resemble the parametrization as 

introduced by Smit et al. (2013); 1 = 0.6 and 2 = 0.3. However, through trial and error it was 

found that 1 = 0.5 correlated better to the GLOBEX derived wave height development.   

 

3.3.2 Free Super Harmonic 

When imposing the waves at the offshore boundary, as stated 

above at a depth of 0.85 meters, significantly present free super 

harmonics were generated drastically affecting the outcomes of 

the numerical modelling, especially with regards to non-linearity. 

This process has been described by Hughes (1993), who found 

that in all laboratory generated wave experiments, first order 

wave-maker theory is violated, resulting in the presence of 

unwanted free super harmonics. These forced waves then create 

unwanted non-linearities (see Fig. 19). Especially within this 

research, which focuses on non-linearities, these free super 

harmonics are highly unfavorable. Both Hughes (1993) and 

Schäffer (1994) suggest second-order wave maker theory to 

generate actual regular waves. It is for this reason, the piston 

type wave maker was steered with signals in Series A and B, that 

were calculated with second-order wave generation (Ruessink et 

al., 2013). Figure 19: Motion of free super 
harmonic (Hughes, 1993) 
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 In order to account for this, second-order wave maker theory could have been applied 

in SWASH, but this is of very complex nature, if at all possible. In addition, when depth is 

increased, this phenomenon is much less present. For that reason, it was decided to increase 

the numerically modelled domain compared to GLOBEX. Instead of starting at a depth of 0.85 

m, the domain is lengthened at the off-shore boundary starting at depth of 1.85 m, then 

following a similar bed slope to the GLOBEX bed slope of 1:80,  until a depth of 0.85 m is 

reached. From there, the bottom closely follows GLOBEX closely (Fig. 20). The bottom contour 

was defined with the same spatial resolution of 0.02 m, with a slope of 1:80 m after a flat 

section. The total length of the simulated area was 200 meters, of which the latter 100 meters 

were investigated in this study. 

 

                                         Figure 20: Bottom contour as used for SWASH validation 

 

3.3.3 Model output 

 

The model generated two different forms of output. Both forms contain free surface 

elevation () of the water, similar to GLOBEX at 128 Hz. One file contains the free surface 

elevation of 1000 points (gauges) spread evenly along the cross-shore profile of the complete 

simulated area. Thus, including the first half of the bottom contour starting at a depth of 1.85 

m. As the total simulated area consists of 200 meters, this means that dx = 0.2 m. This results 

in a total of 500 gauges in the area of interest, which is considerably more than the 190 of 

GLOBEX. Another output file was created containing 𝜂 at the exact locations of the GLOBEX 

gauges, also at 128 Hz. The latter data file equals the GLOBEX output form.   

 

3.3.4 SWASH validation 

 

Figure 21 shows the development of significant wave height (a), skewness (b) and asymmetry 

(c) for both the modelled and measured data from series B2. These four variables are 

compared using linear regression validation and the related R2-values are presented all three 

experimental settings (B1, B2 and B3) in Table 3. It is important to note that, for validation, 

these bulk variables are computed for the entire laboratory and modelled time series, and do 

not represent the development individual waves. The development of significant wave height 

has been prioritised. The overall cross-shore development of significant wave height and 
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breaking is captured well for all three cases, signified by high squared correlation values (𝑅2 ≈

0.98).  

 With regards to skewness and asymmetry, from Figure 21b and c it becomes apparent 

that the development of non-linearity is captured well up to 𝑥 ≈ 60 𝑚. From here to 𝑥 =

70 𝑚 the general trend of a decrease followed by an increase in skewness and asymmetry is 

captured. However, the modelled skewness results in an under estimation at  𝑥 ≈ 65 𝑚. At 

this same location an under estimation (less negative) values for asymmetry is found. From 

here shoreward the non-linearity is not captured well. This is represented by squared 

correlation values that are lower (𝑅2
𝑆𝑘 ≈ 0.78 and 𝑅2

𝐴𝑠 ≈ 0.74).  

 Figure 21d shows the variance density spectra of GLOBEX and SWASH captured at 𝑥 =

10 𝑚. For this, it is apparent that the modelled boundary wave conditions indeed align with 

those of the laboratory experiment. This is signified by the squared correlation values for all 

three experimental setting (𝑅2
𝑉𝑎𝑟.𝐷𝑒𝑛. = 0.99). Despite this, it should be noted that in the 

modelled experiment more noise is present. This is represented by the higher values in 

between the primary wave frequencies and their sub- and super harmonics.  

 The development of wave height was prioritised to be the main validation variable, 

the corresponding squared correlation coefficient values are sufficient. Notably, the non-

linearity is captured reasonably well, especially in the offshore area. Under estimations occur 

between 𝑥 ≈ 60 𝑚 and 𝑥 ≈ 70 𝑚. From here shoreward, the development of skewness and 

asymmetry shows no correspondence. However, SWASH will be utilised to stimulate waves 

over a steep sloping bed (1:10). Rocha et al. (2017) showed that, on a steep bed slope, 

skewness and asymmetry are less pronounced. For this reason, it is believed that these model 

settings are correctly validated and will suffice for the purpose of this study.  
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Table 2: R2-values for validation of modelling approach for B-Series 

Series B1 B2 B3 

Significant Wave Height 0.97 0.98 0.98 

Skewness 0.84 0.74 0.77 

Asymmetry 0.83 0.61 0.79 

Variance Density 0.99 0.99 0.99 

Figure 21: Comparison of experimental setting B2 between laboratory and modelled (a) significant wave height, (b) 
skewness, (c) asymmetry and (d) variance density 
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3.2.5 Set Up Steep simulation 

 

The bottom profile for the steep (1:10) simulations is shown in Figure 22. Similar to the 

validation set up, the profile starts with an approach on a gentle slope (1:80) in order to 

minimize the effects of the discussed free super harmonics. After the flat section a steep bed 

slope (1:10) is implemented. The complete simulated domain is reduced from 200 meters to 

roughly 130 meters. Despite the area of interest being reduced a fair bit, the Courant number 

is not altered too much. This study focusses on the area of 𝑥 >  100 𝑚. The boundary wave 

conditions of B1, B2 and B3 (Table 1) have been simulated over this steep bed profile and the 

corresponding experimental settings are called S1, S2 and S3. Figure 23 shows the space-time 

diagrams of the free surface elevation () of both the physical experiment GLOBEX over a 

1:80 bed slope and the modelled experiment in SWASH over a 1:10 bed slope.  

 
Figure 22: Bottom contour for steep simulation, S-series 

 
Figure 23: Space time diagram of free surface elevation for B2 and S2 

  

0 20 40 60 80 100 120

Distance [m]

-2

-1.5

-1

-0.5

0

0.5

D
e
p

th
 [

m
]

SWASH Bottom Steep



Msc Thesis - Earth Surface and Water 34 

4. Results  
 

Figures 24 to 26 (B-series) and 28 to 30 (S-series) visualise the development of skewness (A), 

asymmetry (B), infragravity induced water level off-set (C), wave height (D) and Ursell number 

(E) for all individual waves making up one wave group from each of the six experimental 

settings. In addition, the location of the wave breaking zone is computed and visualised with 

vertical dashed lines in the wave height plots (D) from the development of wave height. The 

area seaward of the offshore dashed line is considered the shoaling zone. This line signifies 

the location where the largest wave of the group starts breaking. The second dashed line 

signifies the most shoreward location where an individual wave starts breaking. The area 

between these dashed lines is regarded as the outer breaking zone. Landward of the second 

dashed line, all waves are breaking. This is considered the inner surf zone. Figures 27 (B-series) 

and 31 (S-series) show the cross-shore development of the range in skewness, asymmetry 

and wave height. The wave conditions for each experiment are as specified in the previously 

presented Table 1. Firstly, general observations for all three B-series experimental settings 

are presented, followed by a detailed quantitative analysis of results of setting B1. Finally, the 

differences andsimilarities for all three GLOBEX B series are discussed. After, this same 

structure is applied to the results of the SWASH S series. 

 

4.1 Individual Wave Development of GLOBEX 

 

4.1.1 Series B in general 

 

The cross-shore development of individual waves for B1, B2 and B3 is presented in Figure 24 

– 26, Figure 27 shows the development of range. Due to the bichromatic nature of the wave 

conditions at the offshore boundary a clear variability of wave heights is present, with 

𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.04 𝑚 for B1 and B2, and 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.12 𝑚 for B3. As a consequence of 

shoaling, individual wave heights start to increase slightly from 𝑥 ≈  30 𝑚, 𝑧 =  0.675 𝑚 

onwards. This increase continues towards the breaking point, which, for the larger waves of 

the group, is located at 𝑥 ≈  55 𝑚, 𝑧 ≈  0.358 𝑚. With regards to the infragravity wave 

induced mean water level offset, all three experimental settings show clear patterns of a 

standing wave, with nodes and antinodes. The infragravity waves display a progressive 

pattern shoreward, signified by less-defined nodes and antinodes and a larger range at the 

landward boundary. This is consistent with the imperfect shoreline reflection of the 

infragravity wave, as noted by Ruessink et al. (2013) and De Bakker et al. (2015).  

 In all three cases 𝑆𝑘𝑖  ≈ 0.25 and 𝐴𝑠𝑖  ≈ 0 at the offshore boundary. Shoreward these 

remain constant with relatively small wave-to-wave variability (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.15) when 

compared to wave height. It should be noted that, despite efforts to cancel the presence of 

the free super harmonic, it seems as though it is still present (minor rises and depressions for  

𝑆𝑘𝑖  and 𝐴𝑠𝑖 in the shoreward direction for all waves of each experimental setting). When 
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depths reduce in the shoaling zone, an increase in skewness initiated at 𝑥 ≈ 25 𝑚, 𝑧 =

 0.740 𝑚 is observed, while asymmetry remains constant at 𝐴𝑠 ≈ 0. The wave-to-wave 

variability increases just landward of the breaking zone (at 𝑥 > 50 𝑚), especially in B3 with 

𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.70. Local maxima for skewness are reached here with 𝑆𝑘𝑖 >  1 and 𝑆𝑘𝑖,𝑚𝑎𝑥 ≈

 2.  

 At the offshore boundary and throughout the shoaling zone the range of asymmetry 

remains fairly constant with 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.10 for B1 and B2 and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.40 for B3. Just 

before and in the outer breaking zone, 𝑥 > 55 𝑚, 𝑧 =  0.430, individual waves start to pitch 

forward and eventually break, forcing Asi to become negative and display an increase in wave-

to-wave variability. Here all individual waves from the three cases become increasingly 

negative, and 𝐴𝑠 <  −1 within the breaking zone. At this location values for skewness reduce. 

This is expected behaviour of both non-linearity parameters as described in Section 2.2.1. 

However, in the inner surf zone, shoreward from 𝑥 > 64 𝑚 the skewness increases again, 

and the asymmetry reduces. At 𝑥 = 70 𝑚, 𝑧 = 0.174 𝑚 behaviour shows strong wave-to-

wave variability, best seen for case B2 (Figure 25a and b), with 𝑆𝑘𝑖  values becoming negative 

for some waves and for others remaining ≈ 1.5, with corresponding range values for all three 

cases of 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.60. At this location asymmetry reduces (becomes less negative). Here 

wave height (Hi) increases slightly, indicating a reduction in wave breaking.  

In all three B-series cases 𝑈𝑟𝑖  ≈ 0.1 at the offshore boundary. In the shoaling zone, 

this increases exponentially towards the breaking point, where 𝑈𝑟𝑖  ≈ 1. Here Uri  remains 

fairly constant for most waves. From 𝑥 >  65 𝑚 the Uri increases again, with an increase in 

wave-to-wave variability. Most waves remain between 𝑈𝑟𝑖  =  1 𝑎𝑛𝑑 2, some waves reach 

their maximum value at the shoreward end with 𝑈𝑟𝑖,𝑚𝑎𝑥  ≈  3. 

 

4.1.2 Series B1 in detail 

 

Figure 24 presents the development of characteristics of the six individual waves (labelled 1-

6), making up one wave group, from experimental setting B1. The individual wave height (Hi) 

at the offshore boundary ranges from 0.173 m to 0.214 m, with 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.04 𝑚. This 

indicates a difference of 19% in wave height. Up until 𝑥 =  30 𝑚 the wave-to-wave variability 

seems to remain fairly constant for most waves. However, this does not apply to individual 

waves, e.g. wave label 1 is the smallest at the offshore boundary with Hi = 0.173 m, at 𝑥 =

 30 𝑚 this has increased to 0.190 m. At the breaking point of this individual wave 𝐻𝑖  =

 0.279 𝑚, the second largest individual wave height out of these 6 waves. It is for this reason 

that this wave is the one of two to break furthest offshore.  

Notably, it is this same wave that shows a decrease in the infragravity mean water 

level offset (𝜂𝑖,𝑖𝑔) (Fig. 24C). At the offshore boundary this is 𝜂𝑖,𝑖𝑔 =  1.591 ∗ 10−3 𝑚. At the 

break point of the individual wave, the infragravity offset reaches the minimum value of the 

wave group of 𝜂𝑖,𝑖𝑔 =  −6.845 ∗ 10−3 𝑚. This indicates that the development of infragravity 

induced water level offset negatively correlates to the individual short wave height. This short 
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wave developed from smallest to largest wave of the group, as it reached the breaking zone 

and consequently breaking is initiated furthest offshore. The initial largest short wave of the 

group (label 4) with 𝐻𝑖 =  0.214 𝑚, shows the least growth through the shoaling zone when 

compared to the other waves and breaks furthest shoreward with 𝐻𝑖 =  0.255 𝑚 at 𝑥 =

 58.5 𝑚. The infragravity wave induced mean water level offset for this wave shows an 

increase from 𝜂𝑖,𝑖𝑔 =  −1.735 𝑒−3 𝑚 at the offshore boundary and 𝜂𝑖 =  6.648 𝑒−3 𝑚 within 

the break point. This indicates a relation between infragravity wave induced mean water level 

off set and the individual wave height. However, when looking at wave label 2 and 6, which 

have similar infragravity induced mean water level offset in the breaking zone, these waves 

have a different wave height within the breaking zone and break at different points. Wave 

label 2 breaks at 𝑥 = 54.45 𝑚, with a maximum height of 𝐻𝑖 =  0.273 𝑚, whilst wave label 6 

breaks further shoreward at 𝑥 = 55.56 𝑚, with a maximum height of 𝐻𝑖 =  0.263 𝑚.  

The development of skewness is similar for all six waves in the offshore area. At the 

offshore boundary 𝑆𝑘𝑖 ≈ 0.4 (with 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.06) and increases for all waves to 𝑆𝑘𝑖 ≈ 0.9 

at 𝑥 =  40 𝑚, with increased range 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.12. Slight depressions and rises are 

observed, which may be caused by presence of a free superharmonic signal. In the offshore 

area minor wave-to-wave variability is present for 𝑆𝑘𝑖 , in the order of 0.01 to 0.10. From 𝑥 =

 40 𝑚 towards the breaking zone at 𝑥 =  54.8 𝑚 the wave-to-wave variability in skewness 

increases to 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈  0.30, where for wave label 6 𝑆𝑘𝑖 = 1.86, and for wave label 3 𝑆𝑘𝑖 =

1.56. At the point of breaking, the shortwave height of wave label 1 just exceeds that of wave 

label 6 (with 0.01 m). However, towards the end of the shoaling zone, wave label 6 was the 

largest wave. This turns out to have a stronger effect on the skewness as wave label 6 reaches 

a larger value for maximum individual skewness within the breaking zone with 𝑆𝑘𝑖 = 1.91, 

while wave label 1 reaches a maximum value of 𝑆𝑘𝑖 = 1.84. Interestingly, the smallest short 

wave (label 4), which is the wave to break closest to shore at 𝑥 =  58.5 𝑚, ultimately reaches 

the highest value for skewness with 𝑆𝑘𝑖 = 1.98 at this same location. Also, this wave has 

shown the highest (most positive) values for the infragravity induced mean water level offset 

within the breaking zone. The maximum range in individual wave height in the outer breaking 

zone = 0.57. From here shoreward, the skewness of all waves reduces to approximately 

𝑆𝑘𝑖 ≈ 1.  

From 𝑥 > 63 𝑚 shoreward, the skewness increases again for all six waves, but with a 

wider range than further offshore (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 1.68), while individual wave heights keep 

decreasing as a consequence of breaking. At 𝑥 =  70 𝑚, there is a remarkable dip in 

skewness, for waves label 2 and 3. This is not the case for the other waves. At this same 

location an antinode can be observed for 𝜂𝑖,𝑖𝑔. After this point, the skewness of the waves 

that indicated this dip rises again to 𝑥 ≈  73.3 𝑚 where range reduces (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.69), 

after which the values for 𝑆𝑘𝑖  reduce towards the end of the wave tracking capabilities of the 

applied methods. 

The development of asymmetry is similar for all six waves in the shoaling zone, where 

at the offshore boundary 𝐴𝑠𝑖 ≈ 0, until 𝑥 ≈ 50 𝑚. When compared to the skewness in this 

area the asymmetry of individual waves shows more wave-to-wave variability, with 
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𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.15, and fairly constant this throughout the shoaling zone. When approaching 

the breaking zone, the asymmetry increases, which is indicated by values becoming more 

negative. Notably, the larger two waves in the breaking zone (wave label 1 and 6) show a 

stronger reduction further offshore 𝐴𝑠𝑖, indicating these waves then become more 

asymmetric. Wave label 3 and 4 develop in correspondence with their wave height and, with 

their breaking point being closest to shore, initiate a decrease in 𝐴𝑠𝑖 more landward, at 𝑥 =

58.5 𝑚. In the breaking zone we find 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.57. From here all six waves continue to 

become more asymmetric, showing values of 𝐴𝑠𝑖 ≈ −1.2. In addition, at the  𝑥 ≈ 64 𝑚-mark, 

the wave-to-wave variability is reduced. After this point, the asymmetry reduces (to 𝐴𝑠𝑖 ≈ 0) 

at a different rate for the individual waves, with the wave-to-wave variability increasing again 

to a maximum of 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.86. Wave label 2 and 3 peak just after 𝑥 ≈ 70 𝑚, even 

reaching positive values. Interestingly, this coincides with the waves that drastic dip in the 

development of 𝑆𝑘𝑖 , after which they become strongly asymmetric again, reaching maximum 

values of 𝐴𝑠𝑖 ≈ −1.7. Waves label 4 and 5 show different behaviour and slowly approach 

𝐴𝑠𝑖 = 0, which these waves reach at the most shoreward location. 

 

4.1.3 Series B: differences and similarities 

 

In experimental setting B3, group modulations were enhanced by decreasing amplitude a1 

and increasing a2 (Table 1). This is confirmed by the individual development of wave height, 

showing a much greater wave-to-wave variability at the offshore boundary (Fig 25D, 26D and 

27D), with a range of 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.04 𝑚 for B1 and B2 and 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.12 𝑚 for B3. As a 

result of shoaling, this variability is amplified towards the breaking zone, causing the breaking 

zone to be much wider when compared to B1 and B2, as larger waves break further offshore 

when compared to the smaller waves. B1 and B2 have an outer breaking zone width of 4.4 m 

and 4.1 m, much smaller compared to the 10.7 m wide outer breaking zone of B3. Within 

these zones the maximum ranges with regards to wave height are found with 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈

0.09 𝑚 (B1), 0.12 𝑚 (B2) and 0.17 𝑚 (B3), seaward a gradual decrease is observed for all 

three experimental settings.  

 With regards to the infragravity wave induced mean water level offset, nodes and 

antinodes are located at e.g. 𝑥 ≈  25 𝑚 and 𝑥 ≈  50 𝑚 for B2 and B3, which contain a similar 

f3 frequency (0.441 Hz) and thus corresponding wavelength. For B1, which has a different f3 

(0.433 Hz) the nodal shape is shorter with nodes located at e.g. 𝑥 ≈  15 𝑚 and 𝑥 ≈  35 𝑚. 

The infragravity waves display a progressive pattern shoreward, indicated by less-defined 

nodes and antinodes and a larger range. Just after the breaking point 𝑥 >  59 𝑚, the 

infragravity wave induced mean water level offset shows deviations from the general trend, 

with pronounced spikes that approach 𝜂𝑖𝑔 ≈ 0. This is less pronounced for B3. The enhanced 

group modulation of B3 is evident from 𝜂𝑖𝑔. Around the breaking point this water level offset 

ranges from 𝜂𝑖𝑔 =  1.94𝑒 − 2 𝑚 𝑡𝑜 − 1.95𝑒 − 2 𝑚, which is about twice as pronounced, 

when compared to B1 and B2.   
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 Throughout the shoaling zone, the development of skewness creates a much wider 

range for case B3, this continues throughout the surf zone. For this experimental setting, the 

range increases from 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.13 (for all three settings) at the offshore boundary, to 

𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.75 at the end of the shoaling zone. Simultaniously, for B1 and B2 an increase in 

wave-to-wave variability is observed to 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.3, in the outer breaking zone. With 

regards to asymmetry, the offshore variability is much stronger for B3, when compared to B1 

and B2, which only show minor variability offshore from the breaking point. The values for 

asymmetry at the offshore boundary range from 𝐴𝑠𝑖 = −0.16 to 𝐴𝑠𝑖 = 0.16 for B3 with 

𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.32, for B1 and B2 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.10 is observed. This variability remains 

constant throughout the shoaling zone and increases just before and within the outer 

breaking zone, where maximum values of 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.57 (B1), 0.93  (B2) and 1.52 (B3) are 

found. After, a reduction around 𝑥 ≈ 65 𝑚 and an increase in wave-to-wave variability is 

observed in the inner surf zone for all three cases. Maximum values of 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.8 are 

found for all three cases. Finally, in the case of B3, the variability in Ursell is wider along the 

whole profile, reaching maximum values when the largest waves start to break. This can be 

directly appointed to the larger variability in wave height along the full profile.  
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Series B1 
 

Figure 24: cross shore development for B1 of individual wave (a) skewness, (b) asymmetry, (c) infragravity wave induced mean 
water level offset, (d) height, (e) Ursell-number and (f) bottom contour (red) and still water level (blue) 
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Series B2 
 

Figure 25: cross shore development for B2 of individual wave (a) skewness, (b) asymmetry, (c) infragravity wave induced mean 
water level offset, (d) height, (e) Ursell-number and (f) bottom contour (red) and still water level (blue) 
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Figure 26: cross shore development for B3 of individual wave (a) skewness, (b) asymmetry, (c) infragravity wave induced 
mean water level offset, (d) height, (e) Ursell-number and (f) bottom contour (red) and still water level (blue)  

Series B3 
 

Series B3 
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4.2 Individual Wave Development of SWASH 
 

4.2.1 Series S in general  

 

In series S, through modelling, bichromatic waves propagated over a steep sloping bed (1:10). 

At the offshore boundary a clear variability of wave heights is present, showing similar values 

to the wave conditions of the B series, with a range of 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.04 𝑚 for S1 and S2 and 

𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.12 𝑚. The short wave height remains constant up until 𝑥 =  17 𝑚, from here 

the steep bottom contour reduces the depth shoreward. From the location of initiation of the 

bed slope shoreward (𝑥 >  17 𝑚), the effects of shoaling are observed as wave heights 

increase towards their breaking point (𝑥 =  21 𝑚), from 𝐻𝑖  ≈  0.18 to 𝐻𝑖  ≈  2.3. The range 

slightly increases to 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.05 𝑚 for S1 and S2, and with a similar proportion increases 

to 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.15 𝑚 for S3. Consequently, S3 displays a much wider breaking zone, with a 

width of 1.4 m, compared to a width of 0.4 m for both S1 and S2. Notably, the largest 

individual wave of each the experimental setting breaks at 𝑥 =  21.4 𝑚. Shoreward of the 

breaking zone individual wave heights reduce and the variability also reduces. 

 With regards to the infragravity wave induced mean water level offset, a less defined 

nodal and antinodal structure can be identified. Possible nodes are found at the following 

locations: for S1 at 𝑥 =  4 𝑚 and at 𝑥 =  15 𝑚, for S2 and S3 at 𝑥 =  10 𝑚 and 𝑥 =  23 𝑚. 

The nodes found in the S-series are observed to be similar to those found closer to the shore 

for the B-series. As the modelled data incorporates the lengthened bed contour visualised in 

Figure 22, the progressive behaviour of the infragravity wave is induced outside the 

investigated area. Within the research area (𝑥 =  0 𝑚 𝑡𝑜 25 𝑚) the infragravity waves show 

no strong progression, with the exception of S3. 

 In all three cases the skewness and asymmetry demonstrate a ‘wobble’ in the cross-

shore development. This creates some wave-to-wave variability, early at the offshore 

boundary, with 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.15 for all three experimental settings and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.15 for 
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Figure 27: Development of range in individual (A) skewness, (B) asymmetry and (C) wave height (m), expressed as function of distance (m), 
for B1 (Blue line), for B2 (Red line) and B3 (Yellow line) 
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S1 and S2, 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.35 for S3. It should be noted that, despite efforts to reduce the 

presence of the free super harmonic signal, especially with regards to skewness, a minor rise 

and fall are still present. This is also the case for the B series. Up until the shoaling zone, values 

are 𝑆𝑘𝑖  ≈  0.4 and 𝐴𝑠𝑖  ≈  0. 

 In the shoaling zone, where wave heights increase slightly, an increase in skewness is 

present reaching up to 𝑆𝑘𝑖  ≈  0.9, at 𝑥 =  22 and 𝑧 =  0.326. After breaking, the skewness 

reduces to 𝑆𝑘𝑖  ≈  0.4. The asymmetry increases just before breaking (at 𝑥 =  21.4 𝑚), 

signifying waves becoming steeper. At the shore, asymmetry reaches maximum (negative) 

values at 𝐴𝑠𝑖  ≈  1.8, at 𝑥 =  25 and 𝑧 =  0.006 𝑚. Ranges increase slightly in the outer 

breaking zone with 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.37 for S1 and S2, and 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.65 for S3. Here, 

asymmetry ranges are found of 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.35 for S1 and S2, and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.74 for S3. 

In the inner surf zone, wave-to-wave variability of both skewness and asymmetry reduces for 

all experimental settings.  

 

4.2.2 Series S1 in detail 

 

In Figure 28 the development of the investigated characteristics is presented for each 

individual wave in the cross-shore direction for S1. The wave groups in this series consist of 6 

waves. The individual wave height at the offshore boundary ranges from 𝐻𝑖  =  0.169 𝑚 to 

𝐻𝑖  =  0.211 𝑚, which indicates a 16% difference in 𝐻𝑖 near the wavemaker and a range of 

𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.15 𝑚. Throughout most of the investigated area, this remains fairly constant, 

showing minor deviations. At 𝑥 =  17 𝑚, where the incline in bed slope is initiated, up until 

the breaking zone which starts at 𝑥 =  21.4 𝑚, the effects of shoaling are observed with 

increasing individual wave heights (to 𝐻𝑖  ≈ 0.235 𝑚). The individual waves develop 

differently with regards to their height; at the offshore boundary wave label 1 and 2 show 

similar heights 𝐻𝑖  ≈  0.20 𝑚. At the outer breaking zone wave label 2 has remained the 

largest wave of the group and has undergone an increase in height to 𝐻𝑖,𝑚𝑎𝑥  =  0.268 𝑚 at 

𝑥 =  21.4 𝑚, whilst wave label 1 reaches 𝐻𝑖,𝑚𝑎𝑥  =  0.254 𝑚 at 𝑥 =  21.8 𝑚. 

 With regards to the development of skewness of individual waves in series S1,a 

general trend with rises and depressions (at 𝑥 =  7 𝑚 and 𝑥 =  15 𝑚) can be perceived. This 

is the result of the present free super harmonic. Values of skewness fluctuate between 𝑆𝑘𝑖 =

 0.55 𝑎𝑛𝑑 0.25, up until 𝑥 =  17 𝑚. Around these, some wave-to-wave variability is 

observed and appointed to short wave reflection on the steep beach slope. In the shoaling 

zone (𝑥 =  17 𝑚 𝑡𝑜 21 𝑚), skewness increases to 𝑆𝑘𝑖 ≈  0.90. Wave label 2 and 3 are found 

to have the largest individual wave height in the breaking zone and correspondingly show 

maximum values with 𝑆𝑘𝑖 =  0.965 for wave label 3 and 𝑆𝑘𝑖 =  0.958 for wave label 3. Just 

after the outer breaking zone, some trend breaking behaviour is observed, with spikes in 

individual skewness (both positive and negative). Correspondingly, at this location the largest 

range of skewness is observed with 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.41. 

 The development of the asymmetry is more uniform. Also, here the effects of the free 

surface elevation are observed (with slight rises and depressions). Up until 𝑥 =  17 𝑚, we 
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find 𝐴𝑠𝑖  ≈  0, with a range of 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒  ≈  0.02. Towards the breaking point, where 

asymmetry becomes more negative, no increase in range is observed. All waves develop 

similarly and reduce to a negative maximum of 𝐴𝑠𝑖  ≈  1.8 at the shore. Ursell shows similar 

uniform development, with minor deviations caused by the slight differences in wave height, 

but apart from that no variability is observed.  

 

4.2.3 Series S: differences and similarities 

 

Similar to the B series, in experimental setting S3, group modulations were enhanced. This is 

clearly demonstrated by the individual wave height at the offshore boundary showing a 

stronger variability when compared to those of S1 and S2. This translates into a range of 

𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.04 𝑚 for S1 and S2, and 𝐻𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.12 𝑚 for S3. The larger difference in wave 

heights results is a wider breaking zone. In the case of S1 and S2, starting at x = 21.4, the 

breaking zone expands 0.4 m wide. For S3, also starting at x = 21.4, the outer breaking zone 

has a width of 1.8 m. Within the outer breaking zone, the largest range in wave height is 

observed with a proportional increase of ≈ 20 % compared to the offshore range for all three 

cases. These enhanced group modulations are also apparent in the infragravity induced 

offset, resulting in larger positive and negative values. At maximum the variability offset is 1 

order of magnitude larger when compared to S1 and S2, ranging from 𝜂𝑖𝑔 = 0.01 𝑚 to 𝜂𝑖𝑔 =

− 0.01 𝑚.  

 With regards to nonlinearity, a similar variability in skewness (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.20) for all 

three cases, with S3 being slightly larger, is found in the offshore area. At the end of the 

shoaling and in the outer breaking zone, an increase in wave-to-wave variability is observed 

for all three scenarios, with 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.40 for S1 and S2 and 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.66 for S3. In the 

latter case maximum values are 𝑆𝑘𝑖 =  1.11 and minimum values are 𝑆𝑘𝑖 =  0.44. The 

asymmetry in the offshore area is observed larger for S3 (𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.40), when compared 

to S1 and S2 (𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.10). However, the variability in asymmetry remains consistent 

throughout the outer breaking and inner surf zone, with the exception of S3 which reaches a 

maximum of 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.73. In the inner surf zone, wave-to-wave variability of both 

skewness and asymmetry reduces in all three scenarios, with corresponding ranges of 

𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.07and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.07 for S1 and S2,  𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.25and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.17 

for S3. 
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Figure 28: cross shore development for S1 of individual wave (a) skewness, (b) asymmetry, (c) infragravity wave induced mean 
water level offset, (d) height, (e) Ursell-number and (f) bottom contour (red) and still water level (blue) 

 

0 5 10 15 20 25

0.4

0.6

0.8

1

S
k

i AAAAAA

1 2 3 4 5 6

0 5 10 15 20 25
-2

-1

0

A
s

i

BBBBBB

0 5 10 15 20 25

-5

0

5

ig
 [
m

]

10
-3

CCCCCC

0 5 10 15 20 25
0

0.1

0.2

0.3

H
i [

m
]

DDDDDD

0 5 10 15 20 25

10
0

U
r i

EEEEEE

0 5 10 15 20 25

Distance [m]

-1

-0.5

0

z
 [

m
]

F

Series S1 
 



Msc Thesis - Earth Surface and Water 46 

 
Figure 29: cross shore development for S2 of individual wave (a) skewness, (b) asymmetry, (c) infragravity wave induced mean 
water level offset, (d) height, (e) Ursell-number and (f) bottom contour (red) and still water level (blue) 
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Figure 30: cross shore development for S3 of individual wave (a) skewness, (b) asymmetry, (c) infragravity wave induced mean 
water level offset, (d) height, (e) Ursell-number and (f) bottom contour (red) and still water level (blue) 
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Figure 31: Development of range in individual (A) skewness, (B) asymmetry and (C) wave height (m), expressed as function of 
distance (m), for S1 (Blue line), for S2 (Red line) and S3 (Yellow line) 

 

4.3 GLOBEX B3 vs. SWASH S3 
 

As presented in the previous 

sections, series B3 and S3 

demonstrate the strongest variability 

in all investigated wave 

characteristics. Figure 32 presents 

the results from individual wave 

tracking for experimental settings B3 

and S3. As B3 is simulated over a 

gentle bed slope (1:80) and S3 over a 

steep bed slope (1:10), the total 

cross-shore distance over which the 

investigated area spans is different. 

For this reason, these characteristics 

are plotted as a function of depth (h) 

and both x- and y-limits have been 

set to similar values. This provides 

insight in the differences and 

similarities for the different bed 

slopes. It should be noted, that both 

cross-shore depth profiles contain a 

flat section, development over this 

area cannot be seen in Figure 32.  

 The wave heights at the 

offshore depth (ℎ =  0.85 𝑚) show a 

similar range, which is to be expected given the similar boundary wave conditions. As depths 

reduce over a longer distance for B3, individual wave heights are observed to alter more as 
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Figure 32: The cross-shore development of a single individual waves of 
one group from B3 (a) skewness, (b) asymmetry, (c) infragravity 
induced mean water level offset, (d) wave height, (e) Ursell-number; 
and for S3 (f) skewness, (g) asymmetry, (h) infragravity induced mean 
water level offset, (i) wave height, (j) Ursell-number. 
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they propagate over the bed profile, some double in size (e.g. orange line 𝐻𝑖  =  0.123 𝑚 at 

ℎ =  0.85 𝑚 and 𝐻𝑖  =  0.247 𝑚 at ℎ =  0.33 𝑚). These alterations are not observed for S3. 

The development of the infragravity induced mean water level offset (Fig. 32C and 32H) 

shows that over a steep bed the infragravity waves has a less pronounced nodal structure 

(discussed in 4.2.1) and display less increase in amplitude. Interestingly, the range of depth 

over which the outer breaking zone spans is slightly larger for S3 (0.18 m), when compared to 

that of B3 (0.13 m). Also, wave breaking is initiated a larger depth for S3 at ℎ =  0.39 𝑚. For 

B3, breaking is initiated at ℎ =  0.35 𝑚.  

The development of nonlinearity shows great differences for both cases. Firstly, at 

offshore depths, the skewness is fairly similar for B3 and S3, with 𝑆𝑘𝑖  ≈ 0.3. An increase in 

skewness is initiated for B3 in deeper water, at ℎ ≈ 0.7 𝑚. For S3 this increase is initiated 

around ℎ ≈ 0.6 𝑚. Towards the outer breaking zone, located at ℎ  ≈ 0.37 𝑚, values for 

skewness are higher for B3, with 𝑆𝑘𝑖  ≈  1.3. In the case of S3, the values for skewness 

average around 𝑆𝑘𝑖  ≈  0.7. The wave-to-wave variability for both cases is comparable at ℎ =

 0.37 𝑚 with a range of 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.7. The opposite is observed for the development of 

asymmetry, which becomes more pronounced in deeper water for S3, when compared to B3. 

Notably, As-values reached as wave breaking is initiated, are comparable for both cases, with 

𝐴𝑠𝑖  ≈  −1.5 at ℎ  ≈ −0.37 𝑚. Theoretically, As values cannot be much smaller as this 

already equates to nearly vertical front faces of waves. However, for the case of B3, the range 

is larger at this same point (𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.5).   

 The largest differences are found in the inner surf zone. Here, strong wave-to-wave 

variability is observed for the individual development of skewness and asymmetry in the case 

of B3, especially around ℎ =  0.18 𝑚, with ranges of 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.6 and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.8. For 

S3 this is not the case; in the inner surf zone, individual waves show uniform behaviour with 

low wave-to-wave variability, with ranges of 𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.17 and 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.25. This is 

much smaller when compared to B3. Notably, at ℎ =  0.18 𝑚, the individual wave heights 

are smaller for B3, with 𝐻𝑖  ≈  0.07 𝑚. At this same point for S3 individual wave heights 

average around 𝐻𝑖  =  0.15 𝑚. With regards to Ursell, great resemblance between B3 and S3 

is observed, up until depths where wave breaking is initiated. Within the outer breaking zone 

and the inner surf zone, strong variability is observed for B3, whilst Ur-values for S3 increase 

uniformly. 

5. Discussion 
 

This study set out to investigate the development of wave-to-wave variability of non-linearity 

in the cross shore (research question 1), assess the influence of bed slope on this variability 

(research question 2) and relate findings to the presence of infragravity waves (research 

question 3). The presented results allow for some preliminary conclusions to be drawn and 

further discussed, in order to come up with meaningful answers.  

On a gentle bed (1:80), the variability of skewness increases throughout the shoaling 

zone, especially when wave groups are enhanced (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.75), indicating that larger 
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differences in wave height account for larger differences in the development skewness. Close 

to and within the outer breaking zone, waves become increasingly asymmetric. Consequently, 

the wave-to-wave variability in asymmetry increases. To reiterate, when wave groups are 

enhanced this is especially prominent, maximum variability is reached in the outer breaking 

zone (𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 = 1.52). In the inner surf zone, independent from the boundary wave 

conditions, large wave-to-wave variability is observed (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.6). This is in 

accordance with findings by Tissier et al. (2015) regarding wave-to-wave variability in wave 

celerity.  

On a steep bed (1:10) individual wave skewness is observed to be generally smaller 

than on a gentle bed. Individual wave asymmetry is initiated at greater depth, but reaches 

similar maximum negative values. This is in correspondence with findings by Rocha et al. 

(2017). The wave-to-wave variability in both skewness and asymmetry is observed to be 

smaller, when compared to variability on a gentle bed. As waves become increasingly skewed 

throughout the shoaling zone and increasingly asymmetric close to and within the outer 

breaking zone. A slight increase in variability is observed, only when wave groups were 

enhanced (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.6). The wave-to-wave variability reduces in the inner 

surf zone. On a gentle bed the wave-to-wave variability drastically increased in the inner surf 

zone. 

 In order to assess what drives the wave-to-wave variability, why it is generally smaller 

on an steep bed slope and if large variability in the inner surf zone on a gentle bed can be 

attributed to the presence of infragravity waves, the indivual wave observations for skewness 

and asymmetry are presented as a function of Ursell. Findings from the individual wave shape 

analyses are compared to fits suggested by Ruessink et al. (2012). Next, a comparison 

between the conventionally calculated non-linearity and the mean of individually tracked 

waves is made. This comparison provides insight in possible discrepancies and if these occur 

at locations where wave-to-wave variability is largest. What follows, is a reflection on the 

presented hypotheses based on previous studies. Finally, research uncertainties and 

limitations are discussed, followed by suggestions for future work. 

 

5.1 Ursell-number and Ruessink (2012) Parameterisations 

 

The Ursell-number is a parameter of wave nonlinearity and is commonly based on bulk 

estimates of wave statistical parameters, such as wave height and period, combined with 

water depth. In this study the Ursell number is computed for individual waves as a function 

of their wave height, period and local water depth, as described in section 3.2.4. Depth (hi) 

was previously calculated including the infragravity induced mean water level offset and set-

up and set-down. In order to isolate the influence of infragravity waves, the water level 

fluctuations the these waves induce have not been included in the variation of depth, used 

to calculate the Ursell-number in the following analysis. Thus, variability in Uri is only driven 

by the short wave characteristics. Findings are presented in Figure 34 (series B3) and 35 

(series S3). A colour scale was added to each data point, describing the ratio between the 
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significant wave height of the infragravity wave (Hs,ig, calculated for the entire time series) 

and the local depth. This allows better insight in the influence of infragravity waves. Hs,ig has 

been plotted as a fuction of depth (h) in Figure 33.  

 
Figure 33: cross shore development of infragravity wave significant height (blue line) series B3 and (orange line) series S3, 
expressed as function of depth (m) 

Ruessink et al. (2012) suggested a parameterisation for orbital velocity skewness and 

asymmetry, based on 30.000 + field observations, as a function of the Ursell-number. Values 

of skewness and asymmetry were combined into a measure of the total non-linearity B as a 

function of Ur (Eq. 13). The suggested fit was found using a Boltzman simoid combined with 

a non-linear least-squares fitting procedure, and for phase (𝜓, Eq. 14) a tanh-function was 

used, resulting in the following: 

 

𝐵𝑈𝑟 =  𝑝1
𝑝2−𝑝1

1+𝑒𝑥𝑝
𝑝3−log (𝑈𝑟)

𝑝4

  eq. 13 

 

𝜓 =  −90° + 90° tanh (
𝑝5

𝑈𝑟𝑝6
) eq. 14 

 

With 𝑝1 = 0, 𝑝2 = 0857, 𝑝3 = −0.471, 𝑝4 = 0.297, 𝑝5 = 0.815 and 𝑝6 = 0.672. Skewness 

and asymmetry are computed from 𝑆𝑘 = 𝐵𝑐𝑜𝑠𝜓 and 𝐴𝑠 = 𝐵𝑠𝑖𝑛𝜓. It should be noted that 

this fit is based on the nonlinearity of the orbital velocity (Sku and Asu), which follows close 

patterns to the waveshape nonlinearity (Skη and Asη). Rocha et al. (2017) observed strong 

correlation of between Sku & Asu and Skη & Asη, indicating that the orbital velocity skewness 

and asymmetry are a direct reflection of wave shape skewness and asymmetry, although with 

smaller absolute values (40%). For each individually tracked wave at each time step, the 

skewness and asymmetry of waveshape are used to compute Bsk,as using Equation 15: 

 

𝐵𝑠𝑘,𝑎𝑠 =  √𝑆𝑘𝑖,𝜂
2 + 𝐴𝑠𝑖,𝑛

2 eq. 15 

 

Figure 34A shows the Bsk,as (based on waveshape) plotted as a function of BUr (based on orbital 

velocity) for series B3. The red dotted line shows a 1/1 relation, which as expected shows 

large under estimation. As Rocha et al. (2017) observed this orbital velocity non-linearity to 

be 40% of the wave shape non-linearity, a 2.5/1 relation is plotted (blue line). This 

00.10.20.30.40.50.60.70.8

h [m]

0

0.01

0.02

0.03

0.04

H
s

,i
g
 [

m
]

GLOBEX

SWASH



Msc Thesis - Earth Surface and Water 52 

demonstrated to more accurately describe the relation between Bur and Bsk,as. Though a 

polynomial fit would have better suited, it shows that the estimation by Rocha et al. (2017) is 

of the correct order of magnitude.  

 

 
Figure 34: for series B3:(A) combined non-linearity parameter B based on wave shape (y-axis) as function of B based on Ur (x-
axis); (B) skewness as function of Ur; (C) Asymmetry as function of Ur; (blue line) enhanced fit, (dashed line) 1:1 fit; colour 
code signifies the infragravity wave height to depth ratio; (D) individual cross shore development of Ur. 

In Figure 34B and 34C the Ursell-number observations are plotted against the skewness and 

asymmetry observations as retrieved from the individual wave tracking, these are 

represented by the scattered dots. The fits as suggested by Ruessink et al. (2012,) are plotted 

in the red dashed line. As these fits describe orbital velocity, B was enhanced by a factor of 

2.5 to better match the waveshape nonlinearity, plotted as the blue line. Apart from these 

fits being based on orbital velocity, the suggested fits are not based on skewness and 

asymmetry of individual waves, but on time averaged values for these parameters. I.e. the 

relation, as suggested by Ruessink et al. (2012), between Ursell-number and skewness and 

asymmetry does not capture the wave-to-wave variability in nonlinearity. When the 

individual Ursell-number and non-linearity of waveshape show similar trends to the Ruessink 

et al. (2012) fits this means that the short wave characteristics, used to calculate the individual 

Ursell (wave height and period) dominate the wave-to-wave variability in skewness and 

asymmetry. If the trend of the fits is not represented by the cloud of data points, this indicates 
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that short wave characteristics are not capable of explaining the wave-to-wave variability of 

skewness and asymmetry. This is discussed qualitatively.  

 For small Ursell-number values (𝑈𝑟 <  1) a clear trend is visible for both skewness 

(Fig. 34B) and asymmetry (Fig. 34C). This trend does not exactly follow the enhanced fit but 

could describe a clear relation with adjustment of the px-coefficients. With regards to Sk for 

low Ur (<1), a slight exponential growth is observed towards 𝑈𝑟 =  1, where 𝑆𝑘 ≈ 1.5. Some 

outlier values are found, especially with regards to skewness. This is the result of inaccurate 

wave tracking. However, as 400,000+ data points are plotted, this is negligible. With regards 

to As, low Ur (<1) values describe a clear trend that remains around 𝐴𝑠 ≈ 0. When larger 

Ursell-number values are reached (𝑈𝑟 >  1) a much wider range of values for Sk and As is 

present. This range increases with increasing Ur. From Figure 34D, where the development of 

individual Ursell-number is plotted, it is evident that Uri  is low a the offshore boundary (𝑈𝑟𝑖  <

 1). This increases uniformly for the individual waves throughout the shoaling zone. At the 

initiation of breaking zone (x >  55 m) intermeditate Uri is observed (𝑈𝑟𝑖 ≈ 1). This implies 

that in the offshore and shoaling area, where Ur < 1, the short wave characteristics are 

capable of explaining the variability in Sk and As. 

In the surf zone waves reduce in wave height, but as depths decrease Uri remains 

constant 𝑈𝑟𝑖 ≈ 1 or increase to values of 𝑈𝑟𝑚𝑎𝑥  ≈  4. Dashed lines were plotted at Uri = 2 

for reference. From Figure 34D, it becomes apparent that few waves reach values higher than 

this reference value, very far within the surf zone (𝑥 >  70 𝑚). In Figure 34B and 34C, for 

𝑈𝑟𝑖  >  1 much scatter of Sk and As is observed with no clear trend. This indicates that Ur, 

based individual short wave height, period and depth, is not capable of explaining variability 

in Sk and As. With regards to the influence of infragravity waves, a clear trend is visible in the 

colour scale added to the data points. Scatter is mostly caused by data points that where 

found with a higher ratio between significant infragravity wave height and depth (Hig / hi). 

This leads to believe that infragravity waves are possibly one of the driving factors behind the 

large wave-to-wave variability found in the inner surf zone.  

Rocha et al. (2017) suggested that the bed slope has an influence on the relation 

between Ur and the non-linearity parameters as suggested by Ruessink (2012). This is 

observed in Figure 35A, where a total of 150,000+ data points retrieved from S3 are visualised. 

The 40% approximation appears to be a large overestimation in the case of a steep bed slope 

(1:10), confirming suggestions by Rocha et al. (2017). In Figure 35B and C a lion share of data 

points is located at low Ur values (< 0.1). This is a direct consequence of low Ur values 

identified from the offshore boundary up until 𝑥 =  17 𝑚 (Fig. 35D). Despite over and under 

estimations of the (enhanced) fits (Ruessink et al., 2012) a similar trend is observed in the 

scatter, with max Sk-values at 𝑈𝑟 =  1, and a negative trend for As with a steeper decrease 

around 𝑈𝑟 =  1. This indicates, opposite to findings for B3, in the case of a steeper bed the 

variability in Sk and As is explained by the short wave characteristics (wave height and period) 

that make up the Ursell-number. This is also confirmed by the colour scale presented in Figure 

35, where for larger Ur-values (𝑈𝑟 >  1), the ratio of Hig / hi was observed to be lower when 

compared to findings of B3 (Fig. 34).  
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Figure 35: : for series S3:(A) combined non-linearity parameter B based on wave shape (y-axis) as function of B based on Ur 
(x-axis); (B) skewness as function of Ur; (C) Asymmetry as function of Ur; (blue line) enhanced fit, (dashed line) 1:1 fit; colour 
code signifies the infragravity wave height to depth ratio; (D) individual cross shore development of Ur. 

As suggested by Abdelrahman and Thornton (1987), infragravity waves are capable of 

modulating short wave height and length. Tissier et al. (2015) found an increase of variability 

in celerity within the inner surf zone and related this to the presence of infragravity waves. 

De Bakker et al. (2016) showed that on a gentle bed slope, infragravity waves are more 

progressive and can become energetically dominant. Thus, infragravity waves can modulate 

short waves, whilst on a steep bed slope this effect is expected to be absent. Figure 36 shows 

the variance density of GLOBEX B3 and SWASH S3 in shallow water (Fig. 32A, h = 0.17 m; Fig 

35B h = 0.14 m), both well within the inner surf zone. In series S3 the primary wave frequency 

(f1) is found to be energetically dominant over the infragravity frequency (fig), with 𝑓1 =

0.436 𝑚2/𝐻𝑧 and 𝑓𝐼𝐺 = 0.004 𝑚2/𝐻𝑧. In series B3 the infragravity wave frequency (fig) is 

found to be energetically dominant, with 𝑓1 = 0.014 𝑚2/𝐻𝑧 compared to 𝑓1,ℎ𝑎𝑟 =

0.019 𝑚2/𝐻𝑧. 
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Figure 36: Variance density plot for (A) series B3 and (B) series S3, included on the right is the location where the frequency 
distribution was captured (dashed lines) 

In summary, on a steep bed slope (1:10), clear relations between Uri and Ski & Asi are 

observed, without much scatter (Fig. 35). This indicates that Ur adequately explains the 

development of wave-to-wave variability in non-linearity. Short wave energy is found to be 

dominant in the inner surf zone (Fig. 36). This explains why Ur, computed as a function of 

short wave characteristics, adequately predicts non-linearity throughout the cross-shore, 

both in the shoaling and surf zone. On a steep bed, infragravity waves were not expected to 

modulate short waves, based on findings by De Bakker et al. (2016).  

Based on field data, De Wit et al. (2019) found that the predicting capabilities of Ur, 

with regards to Sk and As, are less accurate and result in scatter in the surf zone. The individual 

wave analysis applied in this study observed similar behaviour, on a gentle bed slope. In the 

inner surf zone Ur (based on short wave characteristics) is not capable of explaining variability 

of skewness and asymmetry, especially at locations where Hig / hi is large. This indicates that 

infragravity does relate to the observed increase in wave-to-wave variability of non-linearity. 

This is backed by an energetic dominance of infragravity frequencies at shallower depths (Fig. 

36). De Wit et al. (2019) appoint this increase in scatter (for 𝑈𝑟 >  1 ) to complex 

hydrodynamics such as wave-breaking and the nonlinear energy transfer rate. Findings 

presented in this study hint at a possible relation between infragravity waves and an increase 

in the wave-to-wave variability of skewness and asymmetry in the inner surf zone.  

As depths are small within the inner surf zone, it is evident that this is also the location 

where the ratio of Hig / hi is larger. For this reason, it should be noted that at the shallow 

locations where the complex hydrodynamic processes, as suggested by De Wit et al. (2019), 

are prominent, these are also the locations where inherently Hig / hi is larger. This means that 

the provided results cannot consolidate that this wave-to-wave variability in non-linearity is 

directly caused by the presence of infragravity waves. It is for this reason that further isolation 
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of the effects of the infragravity waves is suggested. This is more elaborately discussed in 

section 5.4.  

 

5.2 Conventional vs. Mean of Individual Waves 
 

As mentioned in the introduction, wave shape skewness and asymmetry have strong 

implications for sediment transport. Conventionally, skewness and asymmetry are computed 

over a total time series containing high frequency filtered free surface elevation for a limited 

number of gauges. The high-resolution datasets of GLOBEX and SWASH allowed for individual 

wave tracking and provided insight in wave-to-wave variability in non-linearity. It has been 

observed that wave-to-wave variability is large on a gentle bed slope, mainly in the inner surf 

zone (e.g. B3). Possible discrepancies were expected to occur here. In order to investigate 

whether this more detailed approach to assessing non-linearity indeed leads to discrepancies 

with the conventional approach, both conventionally calculated skewness and asymmetry 

have been plotted with the mean of the individual waves for the single assessed group (Fig. 

37). In dashed lines the minimum and maximum values observed at each location have been 

plotted. Both cross-shore developments of non-linearity have been compared linearly for 

similarity and corresponding R2-values and slope coefficients are presented in Table 3. The 

conventional non-linearity is computed using Equation 1 and 2 for entire time series. The 

mean of the individual wave tracking was computed using the following equations: 

 

𝑆𝑘𝑥,𝑚𝑒𝑎𝑛 =
1

𝑁
 ∑ 𝑆𝑘𝑥,𝑖

𝑁
𝑖=1  eq. 16 

 

𝐴𝑠𝑥,𝑚𝑒𝑎𝑛 =
1

𝑁
 ∑ 𝐴𝑠𝑥,𝑖

𝑁
𝑖=1  eq. 17 

 

where N represents the number of waves making up a single wave group (𝑁 =  6 for B1 and 

S1; 𝑁 =  10 for B2, B3, S2 and S3) and x represents the location of each gauge.  

 Table 3 and Figure 37 present that, the mean of individual waves and conventional 

non-linearity, generally show strong resemblance, with Slope Coefficients between 0.93 and 

1.04; and R2-values between 0.91 and 1.00 (with the exception of Sk B3). On a steep bed slope 

with small wave-to-wave variability, great similarity is observed. All slope coefficients are 

close to 1.00 (±0.02). R2-values are observed that > 0.99 for all three cases with regards to 

asymmetry, with regards to skewness, only S3 results in 𝑅2 = 0.92. From Figure 37, it 

becomes apparent that only a minor discrepancy occurs at the most shoreward location, with 

a slight under estimation for the mean of individual waves. On a gentle bed, where wave-to-

wave variability is generally larger, more pronounced discrepancies are found.  Skewness in 

series B1 shows strong resemblance with an R2 and the slope coefficient of 0.99. For B2, but 

mainly B3 show discrepancies. These occur mainly in the inner surf zone where wave-to-wave 

variability is largest. The conventionally computed skewness is lower than the mean skewness 

of individual waves. Asymmetry is observed to be slightly underestimated, in both B2 and B3, 
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by the conventional approach in the inner surf zone. Notably, the slope coefficients of B3 for 

both skewness and asymmetry are found to be lowest for all cases (Slope Coeff. = 0.93), with 

strong discrepancies in the inner surf zone. Here, this experimental setting showed strongest 

wave-to-wave variability for both skewness and asymmetry. 

 The mean of individual waves is considered in this analysis. However, it should be 

noted that it is not investigated whether individual waves, that show larger skewness or 

asymmetry have stronger implications for sediment transport. It could well be the case that 

this relation (as many other hydrodynamic processes) is non-linear. For example, if an 

individual skewness that is twice as large is observed, does this also mean it can transport 

twice the amount of sediment? This matter is to be more thoroughly assessed in future 

research, as it can generate better insight in the implications of individual wave skewness and 

asymmetry on sediment transport and, ultimately, geomorphology.   

 
Table 3: R2 and slope coefficients for linear comparison of conventionally computed non-linearity 
 and non-linearity based on the mean of individually tracked waves 

  B1 B2 B3 S1 S2 S3 

Sk R2 0.99 0.95 0.84 0.99 0.99 0.92 

Slope Coeff. 0.99 1.01 0.93 1.00 1.01 0.98 

As R2 0.98 0.93 0.91 1.00 1.00 0.99 

Slope Coeff. 1.04 0.94 0.93 1.02 1.02 0.98 

 

  

Figure 37: conventionally calculated non-linearity compared with the non-linearity as the defined by the mean of individually 
tracked waves (solid lines), maximum and minimum found at each location (dashed lines) 
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5.2 Reflecting on Hypotheses 
 
Firstly, it was hypothesized from findings by Tissier et al. (2015) that individual waves show 

wave-to-wave variability in the development of skewness and asymmetry. This was found to 

be true. Figure 26 shows that, when wave groups are enhanced (GLOBEX series B3), indicating 

more pronounced differences between the largest and smallest waves of a group, wave-to-

wave variability is generally larger. Based on findings by Rocha et al. (2017), it was expected 

that varying individual wave height would lead to an increase in variability of non-linearity, 

this has been confirmed. In section 5.1 an attempt was made at uncovering what drives wave-

to-wave variability in non-linearity.  

In the shoaling zone wave-to-wave variability in non-linearity was found to be driven 

by differences in short wave characteristics. Figure 34 shows the relation between skewness 

and asymmetry as predicted by the Ursell-number, which was calculated using individual 

short wave characteristics. For low Ur (<1), in deeper waters, a clear trend is observed, similar 

to those suggested by Ruessink et al. (2012). This indicates that short wave characteristics 

(e.g. wave height) are capable of explaining variation in non-linearity in the shoaling zone. 

This was expected on the basis of work by De Wit et al. (2019).  

 On a gentle bed (1:80), in the inner surf zone large variability for both skewness and 

asymmetry is observed (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.6 for B3). This was expected based on 

findings by Tissier et al. (2015) which indicated large variability in individual wave celerity in 

relation to infragravity waves at this location. This variability is also observed in Figure 34 for 

larger Ur (>1). This indicates that, within the inner surf zone, wave-to-wave variability is not 

explained by short wave characteristics. De Wit et al. (2019) observed similar behaviour and 

appointed this to complex hydrodynamics. Tissier et al. (2015) found that this increase in 

wave-to-wave variability in celerity occurs when infragravity wave height over depth ratio is 

large. By adding this ratio in colour scale to Figure 34, it is concluded that scatter in non-

linearity occurs when 𝐻𝑖𝑔/ℎ𝑖  ≥ 0.15, indicating that infragravity waves are driving wave-to-

wave variability. Notably, this is also the location where the complex hydrodynamics as 

suggested by De Wit et al. (2019), such as wave breaking and non-linear energy transfers, are 

important.   

 On a steep bed (1:10), in the inner surf zone low variability for both skewness and 

asymmetry is observed (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.6 for S3). This is reflected by the clear trend 

perceived in deeper water, which continues through the surf zone for larger Ur (>1). This 

indicates that in shallow water, wave-to-wave variability in non-linearity is still dominated by 

variability in the short wave characteristics. De Bakker et al. (2016) suggest that on a steep 

bed slope, as opposed to a gentle bed slope, infragravity waves are less progressive and 

modulation of short waves is absent. In this study, infragravity waves have indeed been 

observed to be less progressive (Fig. 30C) on a steep bed. This is also reflected in the 

infragravity wave height over depth ratio (𝐻𝑖𝑔/ℎ𝑖, Fig. 35), which is low for high Ur (>1).  This 

emphasises again that large wave-to-wave variability, observed in the inner surf zone on a 

gentle bed, is related to the presence of infragravity waves. 
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 Section 5.2 indicates that, generally, the mean non-linearity of individually tracked 

waves shows great resemblance with conventionally calculated skewness and asymmetry. At 

locations where wave-to-wave variability increases, discrepancies are observed. This implies 

that, as a consequence of low variability of non-linearity found on a steep bed, great similarity 

in both ways of calculating non-linearity is observed. However, slight deviations occur in the 

most shoreward area, which are more pronounced when wave groups are enhanced. On a 

gentle bed, general trends are captured, but at locations where wave-to-wave variability is 

largest (in the inner surf zone), stronger discrepancies are found. These discrepancies are 

reflected in the slope coefficient and R2.  

 

5.4 Uncertainties and suggestions for future research  

 

This research has compared laboratory-based information on free surface elevation of wave 

propagation over a gentle sloping bed, to modelled information of wave propagation on a 

steep sloping bed. Despite strong efforts and statistically satisfied tests on the correlation 

between the physical and modelled experiment, models will always remain a simplification 

of reality. Though general trends of the development of non-linearity are captured, with 

regards to skewness and asymmetry, wrong estimations were found in the validation runs 

(Fig. 21), with corresponding R2-values of 0.73 for skewness and 0.61 for asymmetry. In the 

shoaling zone, trends between laboratory and modelled non-linearity show strong 

resemblance. Further shoreward (𝑥 >  60 𝑚), and especially in the surf zone, 

underestimations can be observed. Claims made in this study are largely based on the wave-

to-wave variability observed in that location. In the surf zone, complex hydrodynamics play 

an important role, which possibly are not correctly predicted by SWASH. For future research 

it is suggested that both experimental settings would be executed physically, in order to add 

strength to claims made.  

The benefit of models on the other hand, is that they are much more cost effective 

and less time consuming. This study has investigated two bed slopes: steep and gentle. For 

both slopes, it was found that the progressiveness of infragravity waves has implications for 

the development of variability in non-linearity within the surf zone. De Bakker et al. (2016) 

showed that this progressiveness is dependent on bed slope. Similar to Rocha et al. (2017), it 

is suggested for further research to simulate comparable experiments over a multitude of bed 

slopes, through modelling. By investigating wave-to-wave variability on varying bed slopes, 

possible trends could be identified.  

As shown, the enhanced group modulation, as present in B3 and S3, increased the 

variability in non-linearity, mainly in the shoaling and breaking zone. In this study one type of 

boundary wave condition with enhanced group modulation has been studied. Similar to the 

proposition for including a multitude of bed slopes in a numerical modelling study, it would 

be interesting to also include a multitude of group enhancements.  

The proposed wave tracking method worked well. However, as discussed in the inner 

surf zone (𝑥 >  70 𝑚), this became increasingly difficult. It is also here, were the effects of 
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the infragravity waves on variability in non-linearity of short waves was observed. The effects 

of the infragravity waves in GLOBEX become even more pronounced closer to shore and 

dominate swash motions completely (Ruessink et al., 2013). Due to time constraints, no 

waves were tracked by hand. This would have provided insight in processes in very shallow 

water that could have added to conclusions drawn in this study.  

In this study wave-to-wave variability has been quantified as range. However, it is not 

said that this is the best representation of variability. Range is defined by the minimum and 

maximum non-linearity found at each location. This can be the result of one wave deviating 

greatly. For future research, it is suggested to also incorporate the standard deviation, as it 

better represents the common variation caused by all individual waves making up one wave 

group. 

Finally, non-linearity of waves is studied thoroughly because of the implications this 

has on wave induced sediment transport. In this study, the variability of individual waves is 

discussed. However, it remains unclear if an individual wave, that shows twice the skewness 

when compared to another wave, also has twice the sediment transporting capabilities. A 

study to the relation of individual wave shape and individual wave transport could have even 

stronger implications for the use of parameterisations in morphodynamic models. Hopefully, 

this present work will serve as the basis of further research with regards to this.  

 

6. Conclusion 
 

This study is the first to track the development of skewness and asymmetry of individual 

waves. Its aim was to assess the development of variability of non-linearity in the cross-shore 

direction, by means of a data and modelling study. An individual wave tracking method was 

developed and has been applied to a dataset containing high resolution data (both in space 

and time) of bichromatic waves propagating over a low sloping bed (1:80), from the GLOBEX 

experiment. This laboratory dataset consisted of three different wave conditions, of which B3 

consisted of waves with enhanced group modulation. The SWASH model has been utilised to 

recreate GLOBEX, in order to validate model settings and is ultimately used to simulate three 

similar wave conditions over a steep bed slope (1:10).  

Three research questions have been defined in this study and will be answered here 

concisely, in order to sum up the main conclusions to be drawn from this present work.    

Firstly, this study addresses how the wave-to-wave variability of skewness and asymmetry 

develops in the cross-shore direction. To summarize: on a gentle bed, in the shoaling zone, 

wave-to-wave variability is dominated by differences in short wave characteristics (e.g. wave 

height), thus is largest when wave groups are enhanced. This is concluded because the Ursell-

number (based on short wave characteristics) was found to accurately predict non-linearity 

in this deeper area, where the influence of infragravity waves is low (𝐻𝑖𝑔/ℎ𝑖  ≤ 0.15). Just 

before wave breaking is initiated, the range of variability in skewness reaches a local 

maximum (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒 = 0.75). In the outer breaking zone, wave-to-wave variability in 
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asymmetry is observed to reach its local maximum (𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 = 1.52). In the inner surf zone, 

large wave-to-wave variability in both skewness and asymmetry is observed, independent of 

the boundary wave conditions (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 1.6). Here, the Ursell-number was 

found to be unable to predict variation in skewness and asymmetry, with relation to a high 

infragravity wave height to depth ratio (𝐻𝑖𝑔/ℎ𝑖  ≥ 0.15).  

Secondly, this study aims to assess the influence of bed slope on the wave-to-wave 

variability in nonlinearity. On a steep bed slope, wave-to-wave variability was found to be 

smaller, when compared to a gentle bed slope. The range of both skewness and asymmetry 

was generally low. As waves become increasingly skewed throughout the shoaling zone, and 

asymmetric close to and within the outer breaking zone, a slight increase in variability is 

observed, only when wave groups were enhanced (𝑆𝑘𝑖,𝑟𝑎𝑛𝑔𝑒  & 𝐴𝑠𝑖,𝑟𝑎𝑛𝑔𝑒 ≈ 0.6). In the inner 

surf zone, low wave-to-wave variability in non-linearity is observed. The Ursell-number is 

found to adequately explain non-linearity throughout the shoaling and surf zone. For higher 

Ur-values (>1), the infragravity wave height to depth ratio is observed to be lower than on a 

gentle bed slope (𝐻𝑖𝑔/ℎ𝑖  < 0.15).  

Third and finally, this study investigated the influence of the infragravity waves on wave-

to-wave variability of non-linearity. As mentioned in the previous paragraphs, there is a 

distinct difference in infragravity wave height to depth ratio between the gentle and steep 

bed slope found in the inner surf zone. This difference was observed to relate to a distinct 

increase in wave-to-wave variability within the inner surf zone. This leads to believe that, 

amongst other complex hydrodynamic processes, as found by De Wit et al. (2019), 

infragravity waves can influence the development of individual short wave non-linearity in 

the inner surf zone. It is suggested that further isolation of these near shore processes will be 

conducive to increasing the understanding of what drives wave-to-wave variability in non-

linearity.  

In a broader context, this detailed study after the development of individual waves has 

shed light on a tiny part of the complex hydrodynamic processes that drive our coastal 

systems. Hopefully, it will indirectly stimulate the implementation of sustainable solutions 

that protect our future coastal environment. 
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Appendix 
 
The following figures show that in different experimental settings, the same wave of the 
same groups acts exactly the same. Results from B1, B3 and S3 are presented here. 
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Figure 37, 38 & 39: For B1, B3 and S3; (a) similar development of individual waves from five different wave groups with  label 
2 (1st row), label 5 (2nd row) and label 8 (3rd row) for Sk (1st column), As (2nd column), Hi (3rd column) and Ur (4th column) as 
function of distance (m) ; (b) free surface elevation at the first gauge with corresponding wave label; (c) individual wave 
height at the first gauge plotted as function of wave label. 
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