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Resumo 
Foram analisadas as medições de um estudo de campo de dois dias na plataforma 

rochosa de Ribeira d'Ihas, localizada na costa ocidental portuguesa, com o intuito de 

caracterizar as não-linearidades. Para o efeito, calculou-se a razão entre a altura significativa 

da agitação marítima e a profundidade local (γ) e as assimetrias horizontais (Sk) e verticais 

(As). 

Os limites de γ observados foram de 1,00 e 0,40. O valor de γ aumentou para um 

declive de fundo mais acentuado. Os valores médios de Sk e As calculados são típicos da zona 

de rebentação. O aumento da altura significativa da agitação marítima ao largo no segundo dia, 

relativamente ao primeiro dia, influenciou os valores médios de Sk e As. Adicionalmente, um 

maior declive de fundo pareceu reduzir tanto Sk como As. Os valores médios de Sk e As 

calculados foram comparados com simulações fornecidas por uma parametrização de não-

linearidade de onda (Ruessink et al., 2012) que subestimou os valores máximos de Sk (~ 25-

30%) e As (~ 50-65%). A parametrização de As, em particular, forneceu os piores resultados 

para os menores valores de kh, correspondentes às partes interiores da zona de surf. As 

maiores condições energéticas ao largo pioraram os resultados fornecidos pela simulação de 

As nas partes interiores da zona de surf. 
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Abstract 
The results of a two-day field study conducted on the rocky platform of Ribeira d'Ihas, 

which is located along the Portuguese western coast, were analysed in order to characterize the 

wave nonlinearity by calculating the significant wave height to water depth ratio (γ) (breaking 

and non-breaking sea states), the wave skewness (Sk) and the wave asymmetry (As). 

Higher and lower bound γ values of respectively 1.00 and 0.40 were observed. The γ 

value increased for a steeper bottom slope. Calculated average values of Sk and As are of 

typical surf zone conditions. The increase on the offshore wave energy conditions had an 

influence on both average values of wave skewness and asymmetry. Furthermore, a steeper 

bottom slope seemed to reduce both Sk and As. Also, Sk and As average values were 

compared with simulations provided by a wave nonlinearity parameterization (Ruessink et al., 

2012) which underestimated the wave skewness (~ 25-30%) and asymmetry (~ 50-65%) 

maximum values. In particular, the wave asymmetry parameterization provided the worst results 

for the lower local nondimensional parameter kh, correspondent to the inner surf zone. The 

more energetic conditions registered seemed to further compromise As simulations in the inner 

surf zone. 
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1. Introduction 

1.1 Background 

The hydrodynamic behaviour of wind-generated waves interacting with coastal features 

has been extensively addressed, like on sandy beaches and coral reefs, but not so much on 

rocky platforms. These gently-sloping to near-horizontal rocky surfaces develop seawards and 

are frequently centred around the mean sea level (MSL), extending between spring high and 

spring low tidal levels (Kennedy and Milkins, 2015). As formed by erosional rock processes, 

rocky coasts occur as a repercussion of the landward retreat of bedrock at the shoreline 

(Naylor et al., 2010; Kennedy et al., 2014). Hence, and contrarily to regular sandy beaches 

where mutant bedforms prevail, rocky coasts ability to rebuild as a response to harsh events is 

reduced and the induced morphological changes can be permanent (Masselink and Gehrels, 

2014). In fact, rocky coasts consist in the prevailing physical type, thus encompass wide-

ranging latitudes and varied in situ conditions in terms of both the local morphology and wave 

climate (Emery and Kuhn, 1982). However, besides encompassing 80% of the world’s 

coastlines, due to the lack of coastal erosion (and lower social interest) there is an evident lack 

of wave induced phenomena studies across such features. 

Rocky shore platforms (RSP) softer top layers tend to erode, leaving the harder parts 

exposed, being their substrates mainly dependent on geological characteristics (such as 

lithology and stratigraphy) ranging from very smooth (like sandy beach settings) to very rough 

surfaces (analogous to rough coral reef platforms (Trenhaile, 1987)). Commonly fronted by cliff 

formations, RSP must somehow act as an important hydro-morphological control on wave 

induced erosion, especially regarding wave energy transmission to the cliff-foot. 

Sunamura (1992) proposed two generalized RSP classification types (discussed in 

section 3.1), distinguished not by their slope, but by the existence of a sharp seaward plunging 

boundary: Sloping Type A platforms, usually gently sloping (with slopes between 1º to 5º), are 

characterized by a continuous slope into the nearshore. In contrast, Type B platforms are 

frequently near-horizontal (with slopes lower than 1º) and recognized by having a sharp 

seaward edge that plunges into the nearshore. In fact, RSP implement a distinct 

hydrodynamical regime, not only explained by their fixed bottom geometry and impermeable 

rough surfaces, but as well by plunging seaward boundaries that force waves throughout the 

platform into the nearshore (the last, however, applicable to Type B shore platform as 

described). 

It is likely that within a platform-cliff system the responsiveness to wave processes will 

substantially differ. For instance, the substrate erosion in the seaward plunging edge of a Type 

B platform can be directly induced by breaking waves, occurring at a largely higher rate when 

compared to an inner (i.e., landwards) platform part. Hence, understanding such environments, 
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more specifically their implications in wave processes, since morphological changes are likely to 

affect wave processes (Lange and Moon, 2005; Kennedy, 2014; Trenhaile, 2014), has gained 

researchers attention in the last decade. 

As waves propagate into the nearshore they endure substantial changes. These 

changes have long been studied and can be attributed to different processes. Waves shoal and 

refract as they start to “feel the bottom” (where the water depth is approximately half of their 

wavelength), which ultimately leads to the breaking process throughout the surf zone. It is 

precisely inside this shallow water environment that the wave orbital motion changes the most, 

which is traduced by wave shape transformation that one can easily observe at the beach. Of 

interest, this specific behaviour is linked to nonlinear phenomena (Elgar and Guza, 1985) and 

intrinsically correlated to sediment transportation and bathymetric evolution (Ruessink et al., 

2009), so that an accurate wave nonlinearity description is essential to underpin functional 

morphodynamical models in the nearshore. In fact, highly advanced wave models have been 

developed to this purpose, although their application in field hydro-morphological investigations 

is still computationally demanding (Jacobsen and Fredsøe, 2014). Hence, including 

parameterizations derived from locally measured variables may be an easier way to address 

such issue. 

Contrasting morphological settings, even within the same surf zone, may lead to 

different wave transformation patterns. Waves can largely dissipate its energy due to depth-

induced breaking which is known to be the most nonlinear, complex and highly dissipative 

process affecting waves in finite-depth waters (Holthuijsen, 2007). When entering shallow 

waters, wave shoaling leads the wave height (H) to increase and the wave length (L) to 

decrease. In this process, wave steepness (δ) naturally increases (δ=H/L). Moreover, the crest 

particles velocity (u) overcomes the wave velocity (or celerity, c), triggering the breaking 

phenomena (Banner and Phillips, 1974). In this process, nonlinearities in wave parameters 

develop and the linear wave theory (Airy, 1845) cannot properly describe wave mechanics. In 

fact, breaking criteria implies strong asymmetries (primarily regarding the vertical axis) and this 

is a clear evidence of the linear (sinusoidal) wave theory breakdown inside shallow waters 

contours. 

The quantification of horizontal and vertical asymmetries in the wave shape (addressed 

in section 2.6), both measures of wave nonlinearity are wave skewness (Sk) and asymmetry 

(As). Linear (sinusoidal) waves would display zero values of Sk and As. The trend is that as 

these waves start to change their shape due to shoreward propagation (meaning shoaling and, 

ultimately, breaking phenomena), the Sk value reaches its maximum at the breaking point and 

decreases towards the shoreline. The As value steadily decreases (i.e. negative value) 

shoreward (Elgar and Guza, 1985). 

As waves shoal into the surf zone, where a significant proportion of the waves is 

breaking, linear wave theory no longer holds due to strong nonlinearities in the wave 

parameters (e.g., wave asymmetries, As and Sk). Assessing these nonlinear effects specific 

roles (since wave breaking phenomena and asymmetries coexist in the field and can both exert 
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its influence in the same process, e.g., sediment transportation) is of paramount importance to 

improve beach morphologic models. 

1.2 Objectives 

This study aims to analyse and discuss wave nonlinearity across a Type B shore 

platform and to assess its significance in wave transformation in the nearshore. Namely, 

breaking and non-breaking relative significant wave height γ (i.e., significant wave height to 

water depth ratio) will be under investigation. Moreover, nonlinear wave shape transformation 

as measures of wave horizontal asymmetry (i.e., Sk) and vertical asymmetry (i.e., As) will be 

discussed. A simple parameterization (Ruessink et al., 2012) underpinned on locally measured 

wave characteristics is to be tested with a whole new set of acquired data to assess the extent 

to which its appliance provides accurate descriptions of wave nonlinearity. Field observations of 

near-bottom pressure records collected at the intertidal zone of Ribeira d’Ihas (which is located 

in the Portuguese west coast) will be analysed for such purposes. 

As briefly introduced in and discussed onward (in section 2.1), linear wave theory 

becomes inaccurate in the description of the behaviour of wind generated waves throughout 

their path into the nearshore. In fact, important wave characteristics (such as celerity c, height 

H, or energy E) endure nonlinear growth. The approach herein will be address nonlinearity 

through parameterizations that allow its straightforward inclusion in nearshore wave models. 

Hydrodynamical (wave parameters) and morphological (bed slope) possible controls on 

parameterized nonlinearity will be discussed. Of interest, Ruessink et al. (2012) nonlinearity 

parameterization, which was derived from field collected data under specific wave and 

morphologic conditions, is going to be tested under distinct hydro-morphological conditions to 

gain further insight and, ultimately, achieve a better understanding of wave nonlinearity 

parameterizations and its controls. 

In order to analyse wave nonlinear development across the study site field recordings of 

near-bottom pressure data were obtained at chosen locations, along the intertidal zone of 

Ribeira d’Ilhas rocky shore platform (RSP), where pressure transducers (PT) were deployed 

The data was treated and filtered to depict the mean water depth (h) and the high frequency 

oscillations associated to wind generated wave motions (η). 

Aiming to structure and guide this thesis development, research objectives were 

defined. Such objectives consisted in characterizing the relative significant wave height, the 

wave skewness and asymmetry throughout Ribeira d’Ilhas shore platform surf zone. Besides 

calculating their medium values across the study site, the idea is to assess how these values 

comply with local wave parameters and depth-induced changes. In addition, Ruessink et al. 

(2012) nonlinearity parameterization will be applied to evaluate the extent to which it provides 

an accurate description of the Ribeira d’Ilhas field data. 
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2. Brief Review of Wave 

Theories 

2.1 Linear Wave Theory 

Characterizing wave transformation processes in the nearshore is essential when it 

comes to assess storm and flooding impacts, sediment transportation and deposition, harbours 

safety or design coastal protective structures (Farrell et al., 2009). Hence, fully understand 

distinct surf zone morphological and hydrodynamical implications by describing wave 

phenomena and wave governing mechanisms assume a very important role concerning many 

different areas of study. 

The linear wave theory, also known as the Airy wave theory (Airy, 1845), allows the 

description of independent harmonic waves, which overlapped in a large enough quantity 

accurately describe random oceanic wave propagation. Linear wave theory provides 

expressions for the wave induced motion of the water particles, pressure field, energy and flux. 

Also, a relationship between wave period (T) and wave length (L), the so-called dispersion 

relationship (eq. (1)), where ω is the radian frequency (ω=2𝜋/T) and k is the wave number 

(k=2𝜋/L), h is the local water depth and g the gravitational acceleration, can be derived: 

 

 𝜔2 = 𝑔𝑘 tanh (𝑘ℎ) (1) 

   

As briefly introduced, the linear theory for surface gravity waves provides a simplified 

description of random oceanic waves and relies on the notion of overlapping (i.e., summing) 

many independent harmonic waves. It is based on the Laplace equation for the potential and 

boundary conditions, specially at the bottom and at free-surface. The velocity potential function 

(ϕ) is thus given: 

 

 

𝜙(𝑥, 𝑧, 𝑡) = −
𝐻

2

𝑔

𝜔

cosh [𝑘(ℎ + 𝑧)]

cosh (𝑘ℎ)
𝑠𝑖𝑛(𝜔𝑡 − 𝑘𝑧) 

(2) 

where x is the coordinate in the wave propagation direction, z is the vertical axis and t is the 

time. Starting with the potential, kinematic, dynamic and energetic aspects of the waves can be 

described. Of interest, the relationship between radian frequency (ω) and wave number (k) can 
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be obtained through the dispersion relationship (eq. (1)). A detailed analysis of such boundary 

conditions and their inclusion in linear theory for describing surface gravity waves motion is 

provided by Svendsen (2006), or Holthuijsen (2007). 

Furthermore, a solution for linear (sinusoidal) water waves is obtained with η and ϕ 

determination. In fact, once the problem is linearized (which implies neglecting nonlinear terms 

that arise from both the kinematic and dynamic boundary conditions), freely propagating 

harmonic waves (see Fig.1) become solutions for the linear theory equations and the water free 

surface elevation η can be written: 

 

 
𝜂(𝑥, 𝑡) = 𝑎𝑐𝑜𝑠𝜃 =

𝐻

2
cos (𝜔𝑡 − 𝑘𝑥) 

(3) 

 

Figure 1 - Sketch of a progressive sinusoidal wave (adapted from Abreu (2011)). 

 

In real oceanic wave propagation, waves interact with each other to some degree and, 

have large wave heights (H). Although linear wave theory carries a solution underpinned on 

some restrictions to the wave behaviour (and nature is obviously much more complex), it has 

shown to fairly describe the physical characteristics of oceanic wind generated waves under 

some specific conditions. Here, the term oceanic is used to distinguish between deep water 

waves (oceanic waves) and shallow water waves (coastal waves), where interaction with the 

bottom develops, and linear theory no longer suffices to describe wave mechanics. In other 

words, neglected nonlinear terms need to be included to precisely model the hydrodynamical 

wave behaviour. Of note, oceanic waves can also develop high values of steepness δ (δ=H/L) 

(e.g., storms) and the basic linear theory assumption that allow nonlinear terms to be neglected 

is no longer valid. 
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2.2 Stokes Theory 

Naturally, more accurate wave theories that include this effect of nonlinear terms is of 

need. However, it is not possible to include such terms without further complicating the problem. 

Several nonlinear theories have been developed and underpinned on different assumptions. In 

turn, different assumptions lead to different forms of the equations to be solved and thus distinct 

conditions for each theory to apply. Herein, only the Stokes wave theory (Stokes, 1847) is 

briefly introduced and discussed. This theory also requires small δ, but not infinitely small as for 

linear (or sinusoidal) waves. In fact, since the actual δ is not likely to exceed 0.15 (Svendsen, 

2006) this is an acceptable assumption to rely on. 

Stokes wave theory (Stokes, 1847) introduces a perturbation method to generate 

solutions by successive approximations in the linear equations. Hence, the wave steepness δ 

itself is used as the expansion parameter in the perturbation method and the solution can be 

developed to any degree of expansion. Thereafter, this theory basically adds extra harmonic 

waves to the basic harmonic, correcting the wave profile. Fig.2 displays the wave profile of both 

a linear wave and a 2nd order Stokes wave for both to be compared. It can be observed that 

while the linear wave has equally high and long crests and troughs, the 2nd order Stokes 

approximation wave has shorter and higher crests and longer and shallower troughs, much 

alike observable “real” waves. This effect shows wave shape nonlinearity and higher order 

Stokes approximations stress out this shape difference between (linear) sinusoidal and 

(nonlinear) Stokes waves. 

 

Figure 2 - Typical profiles of a linear (sinusoidal) wave (blue line) and a Stokes 2nd order wave (red line). 

 

Stokes approach was to write the basic harmonic with the wave steepness δ and 

successively add corrections to it through the insertion of extra harmonics, written with δ raised 

to the power of the corrections order. This means that a 2nd order Stokes wave can be obtained 

by adding an extra harmonic written with δ raised to the second power to the basic harmonic 

written with δ, as follows (after Holthuijsen (2007)): 
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{
𝜂(𝑥, 𝑡) = 𝑎𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑥) =  𝛿

1

𝑘
cos(𝜔𝑡 − 𝑘𝑥) =  𝛿𝜂1(𝑥, 𝑡)

𝜂𝑆𝑡𝑜𝑘𝑒𝑠
2𝑛𝑑𝑜𝑟𝑑𝑒𝑟(𝑥, 𝑡) = 𝛿𝜂1(𝑥, 𝑡) + 𝛿2𝜂2(𝑥, 𝑡)

 

(4) 

 

 

Hence, a solution for the water free surface elevation η in second order Stokes waves 

can be written as follows: 

 

3.  

𝜂𝑆𝑡𝑜𝑘𝑒𝑠
2𝑛𝑑𝑜𝑟𝑑𝑒𝑟 =  𝜂1 + 𝜂2 = 

𝐻

2
cos(𝜔𝑡 − 𝑘𝑥) +  

1

16
𝑘𝐻2[3𝑐𝑜𝑡ℎ3(𝑘ℎ) − 𝑐𝑜𝑡ℎ(𝑘ℎ)]𝑐𝑜𝑠[2(𝜔𝑡 − 𝑘𝑥)] 

 

(5) 

   

Notice that the first term in eq. (5) is the exact solution provided by the linear theory (eq. 

(3)), so that the second term in eq. (5) consists in the second-order Stokes correction and thus 

responsible for the differences exhibited in Fig.2 (i.e., crest sharpening and trough flattening). In 

fact, the outcome asymmetric effect denotes the deviation from the linear harmonic wave 

shape, hence from the Gaussian model used in the spectral description of random oceanic 

waves that will be discussed onward. 

2.3 Wave Spectrum 

The wave spectrum (or variance density spectrum) is a statistical approach to achieve a 

complete description of oceanic waves. In fact, the variance density spectrum S(f) provides a 

complete statistical description of the surface elevation of wind generated waves if it can be 

characterized as a Gaussian, stationary process, for all statistical wave parameters can be 

determined: 

 

 
𝑆(𝑓) = lim

𝛥𝑓→0

1

∆𝑓

1

2
𝑎2̅̅ ̅ 

 

(6) 

The variance density spectrum S(f) can be obtained by altering the (discrete) amplitude 

spectrum into a (continuous) distribution of the variance over frequencies. This function allows 

the description of the statistical aspects of oceanic waves and essentially shows how the 

variance of the sea surface elevation is distributed over all the present frequencies. In addition, 

as it intrinsically correlates with energy (E=0.5ρga2), it can be transformed into an energy 

density spectrum (just by multiplying the variance density spectrum by ρg) which in turn shows 
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how the wave energy E is distributed over the frequencies, a concept more straightforward and 

easier to absorb. 

As stated, the concept of the variance density spectrum follows that the total variance of 

the sea-surface elevation is the summation of the variances of all frequency bands Δf, so that it 

can be given by the area below the function (or spectrum): 

 

 
𝜂2̅̅ ̅

𝑡𝑜𝑡𝑎𝑙
= ∫ 𝑆(𝑓)𝑑𝑓 =  𝑚0 

∞

0

 
(7) 

where m0 is the spectral moment of order 0, following the spectral moment of order n (mn), or 

so-called nth-order moment of the wave spectrum S(f), given by: 

 

 
𝑚𝑛 = ∫ 𝑓𝑛𝑆(𝑓)

∞

0

𝑑𝑓 

 

(8) 

It happens that if the surface elevation can be described as a stationary (Gaussian 

distributed) process, thus statistical wave parameters itself can be computed as functions of the 

wave spectrum S(f). For instance, and most usefully, the significant wave height Hs can be 

obtained directly from the zeroth-order moment of the wave spectrum (m0): 

 

 𝐻𝑚0 = 𝐻𝑠 = 4√𝑚0 (9) 

Even an overall S(f) examination in terms of shape may evidence some of the local 

wave characteristics. This consists in a fair approximation for wind generated waves, and 

greatly simplifies the subsequent spectral analysis because the linear theory (which is the 

easiest wave theory to operate) applies. In addition, examining nonlinear effects directly from 

wave density spectra (or the statistical wave parameters provided) and deriving valuable 

parameterizations to include in the linear theory, so that the wave motion can be accurately 

characterized in nonlinear wave fields, may be the simplest approach to achieve a complete 

hydro-morphologic framework, rather than developing higher order, sophisticated wave models 

(Ruessink et al., 2012; Rocha et al., 2013; Rocha et al., 2017). Particularly, useful and 

already developed parameterizations will be under analysis throughout this thesis. Of note, 

since most of the available literature focus on unconsolidated landforms (i.e., sandy beaches) it 

may be important to evaluate the applicability of such derived parameterizations on distinct 

morphological conditions. 
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2.4 Surf Similarity Parameter 

Wave breaking is the most dissipative, nonlinear process (Poate et al., 2018) affecting 

waves in coastal waters (meaning shallower waters). Also, the variability in wave heights has 

been reported to decrease inside the surf zone, to a point where they can be described as a 

linear function of the local depth, being strongly tidally modulated (Poate et al., 2018; Thornton 

and Guza, 1982). Hence, emerges the notion of relative wave height γ (γ=H/h), one of the most 

important parameters in the nearshore. 

Upper bound γ values were intensively studied, both at breaking (the so-called breaker 

index γb) and nonbreaking waves (γ). The breaking type, the beach slope (tan(β)) and the 

proportion of broken, unbroken and breaking waves showed to exert specific influence on the 

relative wave heights γ inside the surf zone (Masselink, 1993). This author included the surf 

similarity parameter ξ (itself a function of the beach gradient tan(β)) to better characterize wave 

transformation throughout the surf zone. The surf similarity parameter can be written after 

Iribarren and Nogales (1949): 

 

𝜉 =
𝑡𝑎𝑛 (𝛽)

√𝐻
𝐿0

⁄

 
(10) 

  

where L0 is the offshore wave length. In turn, δ can be computed for both deep water wave 

heights (H0) and wave heights at breaking (Hb), becoming ξ0 and ξb, respectively. 

 

 

Figure 3 - Types of breaking waves and how they relate with the beach bottom slope (after Fredsøe and 

Deigaard (1992)). 
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Concerning the type of breaking at a certain coastal region, Battjes (1974) observed 

that in flat beach profiles low ξ0 values correlate to spilling breakers (ξ0 < 0.5), intermediate ξ0 

values to plunging breakers (0.5 < ξ0 < 3.3) and high ξ0 values (ξ0 > 3.3) to collapsing, or 

surging breakers. Fig.3 shows the main types of breaking waves and how do they relate with 

the bottom slope. Hence, a relationship between ξ and the beach capability to reflect wave 

energy is evident: dissipative beaches tend to correlate to low ξ values. Contrarily, high values 

of the surf similarity parameter ξ correspond to reflective beaches (Battjes, 1974). This 

“reflective versus dissipative” behaviour strongly influences surf zone hydrodynamics, namely 

wave energy transformation across the surf zone, as widely recognized in the literature (Wright 

et al., 1979). 

Other than the type of breaking, Battjes (1974) identified another ξ correlation, namely 

reflection and runup processes in a beach profile. Reflection processes off a coast are complex 

mechanisms that depend on both morphological (e.g., beach gradient) and hydrodynamical 

(e.g., type of wave breaking) features. Holthuijsen (2007) analysed different available data 

from natural sandy beach settings which evidenced a similar frequency dependence on the 

reflection phenomena: wind sea wave frequencies (f > 0.1 Hz) show an almost absent 

reflection, as it increases for swell wave frequencies (0.05 < f < 0.1 Hz), being even stronger for 

infragravity wave motions (f < 0.05 Hz). Hence, these results highlight how different wave 

frequencies comply with wave transformation phenomena across beach profiles, particularly 

regarding reflection processes. One can expect that incident wave conditions (or frequencies f) 

and the wave energy transmission in the nearshore are intrinsically correlated. 

2.5 Relative Wave Height 

Describing energetic transformations is essential to achieve functional descriptions of 

the hydrodynamical behaviour of wind-generated waves. Thereby, estimations of the wave 

height H transformation across surf zone profiles are preponderant. One of the most important 

parameters in the nearshore hydrodynamical description, particularly inside the surf zone, is the 

relative wave height H/h (γ), as most of the computational models relying on linear wave theory 

that aim to predict surf zone hydrodynamics contain this fundamental relationship between H 

and h. In fact, it was found that, along the surf zone, an envelope of wave heights H can be 

obtained as a linear function of the depth h, with a fixed derived value (Thornton and Guza, 

1982; Wright et al., 1982; Farrell et al., 2009; Ogawa, 2013; Poate et al., 2018). Hence, γ 

limits are of obvious significance to engineering purposes, as it allows the formulation of design 

conditions of coastal protective features, such as breakwaters. However, relative wave height γ 

has confirmed to be rather complex and linked to both local parameters (H, T and h) and the 

bottom slope (tan(β)). Thus, understanding its controls is essential to the rigorous description 

and modelling of the surf zone hydrodynamics. 
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It is well established in the literature that surf zone wave hydrodynamics substantially 

differ between reflective steep environments and flat dissipative system (Wright et al., 1979; 

Wright et al., 1982). In fact, the shoaling distance is known to be shorter for steep bed 

gradients, when compared with mild slopes, and may also be controlled by wave reflection 

phenomena that harden the wave breaking phenomena (Farrell et al., 2009). 

Also, the proportion of broken waves is smaller for mild sloping beaches (when 

compared to steep beaches) in response to wave reformation, being H/h much more modest for 

unbroken waves (Masselink, 1993). Therefore, wave breaking controls in the nearshore are 

rather complex and inevitably different from those experienced in deep or intermediate waters, 

where depth cannot induce wave breaking (i.e., frequency dispersive waves). 

Many laboratory studies have been conducted to assess wave height at incipient 

breaking. In particular, a breaker index can be defined: 

 

 𝛾𝑏 =
𝐻𝑏

ℎ𝑏
⁄  

 

(11) 

where γb represents the so-called breaking coefficient. McCowan (1894) first found that for a 

solitary wave crossing a horizontal bottom a non-dimensional limit between wave height and 

water depth (γb) can be written as depicted in eq. (11), with a theoretically derived value of 0.78. 

However, γb is a regular (laboratorial) wave concept, where the local depth in the breaking point 

is invariable in time (i.e., hb is constant). For random surf zone waves, relative significant wave 

height (Hs/h) (or γ) is defined statistically and the significant wave height Hs, or the root-mean-

squared wave height Hrms can be used. 

In the past decades, there have been developed many other studies in distinct incident 

and morphological conditions and both relative wave height H/h and γb showed to scatter, since 

individual waves reach their maximum steepness at varied instants or depths (Smith, 1993). 

Thornton and Guza (1982) identified an evident decrease in the Hrms variability inside the surf 

zone as waves became depth limited, showing how a large spectrum of Hrms observed outside 

the surf zone changes to be clustered inside the zone where all the waves are breaking and 

clearly suggesting that the waves are to be governed by offshore conditions. Also, they 

developed and modified the relationship proposed by McCowan (1894) for irregular wave fields, 

describing the Hrms dependence on the local water depth h as an envelope that depicts Hrms (or 

Hs) depth limiting behaviour: 

 

 𝛾𝑟𝑚𝑠 =  
𝐻𝑟𝑚𝑠

ℎ⁄  

 

(12) 

This γ envelope obviously represents an upper bound limit for the wave height 

relationship with the depth, identifying the most energetic conditions that can happen in a given 

surf zone. Thus, Thornton and Guza (1982) associated this Hrms linear depth dependence with 

a reported high proportion of the waves breaking (i.e., saturated wave field) and an approximate 
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envelope of γ = 0.42 was established for the Hrms values in the inner surf zone. Therefore, it is 

this linear validity between Hrms and h that separates the inner part of the surf zone from the 

outer surf zone, or shoaling zone. Of note, different studies reported the same linear Hrms depth 

dependence and even argued identical γ envelope to apply to their studies (Wright et al., 1982; 

King et al., 1990). 

2.6 Wave Nonlinearity 

When waves enter nearshore shallow waters environment they become depth limited 

and eventually break (Komar, 1998; Masselink and Hughes, 2003). In this process, as wave 

nonlinearity “take over”, the linear wave theory becomes less and less accurate in the wave 

mechanics description. 

As waves shoal and break into the nearshore, dissipating their energy in the process 

(mostly at breaking), systematic changes in the wave shape occur. Namely, wave asymmetry 

As (which is a measure of vertical wave shape transformation, i.e., left-right differences in a 

wave) and skewness Sk (which is a measure of horizontal wave shape mutation, i.e., crest-

trough differences in a wave) develop in the wave transition from the offshore, displaying wave 

shape nonlinear transformation (Fig.4). Thus, wave mechanics can no longer be accurately 

described by the linear wave theory and high order equations need development to precisely 

quantify wave parameters such as height H (or celerity c) (Kennedy et al., 2000). 

Both measures of vertical and horizontal wave shape transformation, so-called 

asymmetry (As) and skewness (Sk), respectively, can quantify these nonlinear effects. In the 

present study, average Sk and As values were calculated from the field acquired data, following 

Kennedy et al. (2000) study: 

 
𝑆𝑘 =

𝜂3̅̅ ̅

(𝜂2̅̅ ̅)
3 2⁄⁄  

(13) 

 
𝐴𝑠 =

ℋ(𝜂3)̅̅ ̅̅ ̅̅ ̅̅ ̅

(𝜂2̅̅ ̅)
3 2⁄⁄  

 

(14) 

𝓗 in eq. (14) represents the Hilbert transform operator (see Bendat and Piersol (2010)) and 

the overbar in both eq. (13) and (14) denotes the expected value. 

The trend in this wave shape development has long been studied as its understanding 

is essential to the nearshore wave propagation modelling. Offshore deep-water sinusoidal 

waves would have zero As and Sk values. As these waves start to change their shape due to 

shoreward propagation, Sk value reaches its maximum at the break point and decreases 

towards the shore line. The As value steadily decreases (its negative value, meaning more 

asymmetric waves) shoreward (Elgar and Guza, 1985). In fact, these asymmetric trends point 

out nonlinear shoaling and breaking waves, meaning continuous and turbulent wave energy 

dissipation due to depth induced breaking towards the shore (Poate et al., 2018). 



14 

 

 

Figure 4 - Offshore sinusoidal waves approximation (deep waters) and nonlinear wave shape 

transformation (in the nearshore) schemes in terms of both (Sk) and (As). Corresponding orbital motions 

are also represented (adapted from Abreu (2011)). 

 

The Ursell number Ur, calculated following Doering and Bowen (1995), gives an 

indication of the nonlinearity of the waves across the nearshore, so that the higher Ur values are 

associated with the stronger nonlinear effects: 

 

 
𝑈𝑟 =

3

4

𝑎𝑤𝑘

(𝑘ℎ)3
 

 

(15)  

with aw = 0,5Hs. Also, L can be computed with the linear wave theory using T0-1 (T0-1=m-1/m0), 

following Ruessink et al. (2012) approach. In fact, Ur allows to assess wave nonlinearity based 

on local and easily measurable parameters (Hs, L and h, after eq. (15)). Hence, an interesting 

way to explore nonlinear development (as well as its controls) in the wave propagation may be 

assessing As and Sk as a function of Ur and compare field collected data with existing derived 

models. Namely those of Ruessink et al. (2012), which derived As and Sk equations 

(formulations are presented onward) from data collected on sandy beaches, may offer a 

valuable insight. In fact, comparing such models with field collected data on different 

morphological and hydraulic settings (i.e., rocky shore platforms, coral reef platforms or 

unconsolidated landforms, subjected to distinct incident wave conditions) may offer a great 

insight, highlighting morphological (e.g., beach slope tan(β)) and/or hydrodynamical (e.g., 

offshore wave steepness δ0) factors on wave nonlinearity and related phenomena (such as 

wave energy dissipation, cross-shore and longshore currents or sediment transport and 

deposition), hence contribute to a deeper understanding of the hydrodynamical behaviour of 

surf zone wind-generated surface waves. 

As depicted in Fig.4 the oscillatory flow turns from sinusoidal (in deep waters), to 

skewed in the shoaling zone and finally asymmetric throughout the inner surf zone into the 
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swash zone. Accordingly, as waves propagate into the nearshore they initially develop 

skewness (i.e., asymmetry about the horizontal axis), having shorter and higher crest as 

opposed to longer and shallower troughs (a sketch of this behaviour is presented in Fig.2). This 

skewed shape tends to develop until the wave become unstable and break. Throughout the surf 

zone, where the waves are breaking, skewness changes into asymmetry (i.e., asymmetry about 

the vertical axis) as waves pitch forward and break (Elgar and Guza, 1985). 

Nonlinear transformations in terms of wave shape and orbital motion turn out to be 

intrinsically correlated to sediment transport and bathymetric evolution, so that their accurate 

description is essential to estimate cross-shore sediment transport (Ruessink et al., 2009; 

Ruessink et al., 2012; Rocha et al., 2017) and to improve morphodynamical models in 

nearshore beach profiles. To this purpose highly advanced models were developed and shown 

to provide good results (Kennedy et al., 2000). However, as their computation “cost” is still too 

high (meaning too computationally demanding) for morphological research applications, and 

due to the foreseen accumulation of errors over time (especially when the time scale is days, 

weeks, or longer) (Pape et al., 2010), analytical models are more often applied. Thereafter, 

nearshore hydrodynamic models tend to rely on simplified models to characterize the skewed 

and/or asymmetric shape of the wave orbital motion, particularly near the bed, as it determines 

onshore sediment transportation (Ruessink et al., 2009). 

Skewness (Sk) and asymmetry (As) are often parameterized as a function of measured 

local wave parameters (such as significant wave height Hs or length L) and depth h. Moreover, 

aspects such as spectral bandwidth, offshore wave steepness and the beach slope also 

seemed to exert specific controls on wave nonlinearity. Consistently, most relationships derived 

only from local wave parameters tend to fit their respective data, although poorly adjusting to 

others. 

Former derived parameterizations based on field acquired data estimate both Sk and 

As transformation and, subsequently, use them to estimate a nonlinearity parameter (e.g., B) 

and phase (e.g., 𝜓) (both parameters are defined onward, in eq.(16) and (17), respectively), in 

terms of the Ursell number (Ur) (which, as mentioned in the previously, consists in a nonlinearity 

measure derived as a function of local wave parameters and depth). Also, recent studies that 

aimed to predict onshore sand transportation proposed analytical expressions for the free-

stream near-bed orbital motion that are functions of both a nonlinearity measure and a phase 

parameters which define the wave shape (Abreu et al., 2010). Hence, achieving functional 

parameterizations underpinned on easily measurable local parameters seems to be the most 

applicable method to develop nearshore morphodynamical models for practical engineering 

purposes (Ruessink et al., 2012; Rocha et al., 2013; Rocha et al., 2017). 

Most recently, Rocha et al. (2017) made an improvement in the parameterization of 

wave nonlinearity by assessing the roles of the offshore wave steepness, spectral bandwidth 

and beach slope. In a direct comparison between the work of Ruessink et al. (2012) and theirs, 

they found out that by including two additional parameters in Ruessink et al. (2012) nonlinearity 

formulas the discrepancy between measured and simulated nonlinearity dropped more than 
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50%, particularly for the higher nonlinearity values, which in turn contribute the most to drive 

sediment transport. Rocha et al. (2017) showed that both free surface elevation and orbital 

velocity in depth limited environments cannot be fully described based on local parameters 

alone. Also, the “history of the waves propagating” was demonstrated to exert specific 

influences. 

Both the evolution and maximum of wave nonlinearity demonstrated to be controlled by 

non-local parameters, i.e., parameters other than local significant wave height Hm0, period T, or 

depth h. First, a small offshore wave steepness was argued to allow waves to become more 

nonlinear during the shoaling process (Dibajnia et al., 2001) because higher offshore wave 

steepness cause the waves to break in deeper waters before withstanding significant shoaling. 

Moreover, not all the waves break with the same value of nonlinearity as its “development 

distance”, thus nonlinear development (particularly its maximum, Ur,max or Bmax) have shown to 

be controlled by both the bed slope and the offshore wave conditions (steepness, δ0=H0/L0) 

(Rocha et al., 2017). Filipot (2015) argued Sk at the breakpoint to be a decreasing function of 

the bed slope. In fact, as they propagate into the nearshore, waves first develop skewness (Sk) 

until they break and asymmetry (As) starts developing shoreward. Of course, As can further 

develop over large distances above mild bottoms. However, the distance covered before the 

breakpoint (in which waves shoaled and Sk evolved) is always bigger, implying a Sk higher 

relative contribution to the total nonlinearity (in accordance with its larger “development 

distance”). 

It is important to stress out that Sk was already shown to present a higher relative 

contribution to the total wave nonlinearity (e.g., B) in deep and intermediate waters, when 

compared to As (Elgar and Guza, 1986). Consistently, it appears that is only over the steeper 

bottoms, or higher offshore wave steepness (and/or broader spectral bandwidth) that As 

increases its relative contribution, although mainly due to Sk decreasing due to shorter 

“development distances” (Rocha et al., 2017). In fact, this agrees with the behaviour expected 

as the waves break. Although in milder slopes wave orbital motion (and shape) tend to be 

skewed and breakers of the spilling type, in steeper bed slopes breakers tend to be of the 

plunging type as the wave pitch forward (becoming more asymmetric). 

As previously mentioned, measured Sk and As were obtained after Kennedy et al. 

(2000) approach (eq. (13) and (14), respectively), through sea surface elevation recordings 

collected in the field. This consists in a difference regarding the work of Ruessink et al. (2012), 

as they used near-bed velocity records to the purpose of measuring nonlinearity transformation 

(in terms of Sk and As). Hence, care should be taken because the parameterizations to be 

tested were derived from orbital velocity time series, as opposed to the present work where sea 

surface elevation time series was be used instead. Of note, Rocha et al. (2017) proposed a 

method for retrieving a velocity time series from a surface elevation record, which they have 

shown to provide good results. However, in this study, orbital velocity measurements were not 

obtained, thus the extent to which their method provides a good fit to the Ribeira d’Ilhas 
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collected data could not the assessed. To the extent of this research, only pressure transducers 

(PT) were deployed in the field (and data converted to depict the surface elevation time series). 

Total nonlinearity parameter B and phase 𝜓 were computed following Ruessink et al. 

(2012) formulas: 

 

 𝐵 =  𝑝1 +
𝑝2 − 𝑝1

1 + 𝑒𝑥𝑝 (
𝑝3 − 𝑙𝑜𝑔(𝑈𝑟)

𝑝4
)
 

 

(16) 

 𝜓 =  −
𝜋

2
+

𝜋

2
𝑡𝑎𝑛ℎ (

𝑝5

𝑈𝑟𝑝6
) (17) 

where p1-p6 consist in non-dimensional parameters and can be used to account for nonlinearity 

dependence on parameters other than the Ursell number Ur (which only includes local wave 

parameters and depth, eq. (15)). 

In Ruessink et al. (2012) definition, p1 and p2 are the magnitude of B for Ur~0 and 

Ur~∞, respectively, p3 is related to the deflection point, p4 is a measure of the bottom slope and 

both p5 and p6 are related to the phase 𝜓. Hence, p2 is responsible for the Bmax definition and p5 

corresponds to the 𝜓 value for Ur~1. Of interest, those two parameters (p2 and p5) were used by 

Rocha et al. (2017) to further develop Ruessink et al. (2012)  parameterization of both B and 

𝜓, in a way that they could include non-local parameters control in the wave nonlinearity. 

Nonetheless, the parameters important to stress out herein (p1-p6) are those of Ruessink et al. 

(2012) best fit to their data and come as follows: p1=0, p2=0.857±0.016, p3=-0.471±0.025, 

p4=0.297±0.021, p5=0.815±0.055, p6=0.672±0.073 (where the range represented by the ± 

values, which were not used in this study, is the 95% confidence interval obtained to  the data of 

these authors). 

To summarize, the approach herein was to measure wave nonlinearity (in terms of both 

Sk and As) directly from the sea surface elevation time series (following Kennedy et al. (2000)) 

and compare it with the results provided by Ruessink et al. (2012) parameterizations for both B 

and 𝜓, which ultimately relate to Sk and As as follows: 

 

 𝐵 = √𝑆𝑘2 + 𝐴𝑠2 (18) 

 
𝜓 = 𝑡𝑎𝑛−1 (

𝐴𝑠

𝑆𝑘
) 

(19) 

 



18 

 

Which in turn imply that both Sk and As can be computed from the total nonlinearity 

parameter B and phase 𝜓, as: 

 

 𝑆𝑘 = 𝐵𝑐𝑜𝑠(𝜓) (20) 

 𝐴𝑠 = 𝐵𝑠𝑖𝑛(𝜓) (21) 

Thereafter, the problem can be reduced to deriving Ur (eq. (15)) from the local 

measured parameters (Hm0, L and h) and use it to compute B (eq. (16)) and 𝜓 (eq. (17)), thus 

calculate Sk (eq. (20)) and As (eq. (21)) according to Ruessink et al. (2012) study. 
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3. Case Study 

3.1 Rocky Shore Platforms 

Pethick (1984) described rocky shore platforms (RSP) as erosional stumps left behind 

by retreating cliffs and, accordingly, Trenhaile (1987) argued shore platforms origin to be 

intrinsically linked to coastal cliff erosion. RSP substrates are mainly dependent of geological 

characteristics (such as lithology and stratigraphy) and can range from very smooth (like 

unconsolidated coastal landforms, meaning sandy beach settings) to very rough surfaces 

(analogous to coral reef platforms). In fact, softer top layers tend to erode, leaving the harder 

parts exposed. Frequently fronted by cliff formations, shore platforms must somehow act as 

important controls on wave induced erosion, especially regarding wave energy transmitted to 

the cliff-foot. 

Sunamura (1992) proposed two generalized classification types of shore platform 

morphologies, distinguished not by their gradient, but by the existence of a sharp plunging 

seaward boundary: sloping Type A platforms, usually gently sloping (i.e., gradients between 1º 

to 5º), are characterized by a continuous slope into the nearshore. Sub-horizontal Type B 

platforms can be identified by the presence of a sharp seaward boundary that plunges into the 

nearshore (Fig.5). This platform type is frequently nearly horizontal being the seaward edge and 

not the slope, its distinguished feature. 

Probably due to the lack of onshore sediment transportation and lower social and 

economic value (when compared with sandy beach physical settings), as well as commonly 

dangerous in situ conditions, RSP have only recently acquired researches attention. Thus, there 

is an evident lack of knowledge concerning such rocky features, particularly regarding their 

morphological induced changes in the wave hydrodynamical behaviour. Nevertheless, rocky 

coasts represent approximately 80% of the world’s coastlines. Dickson and Stephenson 

(2014) and Kennedy (2014) identified a pattern on Type B shore platform occurrences, 

suggesting that this type of formation mainly occurs in micro (i.e., mean spring tidal range lower 

than 2 m) to mesotidal environments (i.e., mean spring tidal range between 2 and 4 m), which, 

in addition to Trenhaile (2014) who argued that Type A shore platforms are likely to develop in 

meso to macrotidal environments (i.e., mean spring tidal ranges higher than 4 m), corroborate 

previous studies conclusion that the local tidal range may be a control on the platform type 

formation and subsequent evolution (Dickson et al., 2013). 
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Figure 5 - RSP morphological features (Types) based on Sunamura (1992) (adapted from Ogawa (2012)). 

 

It is well established that intertidal shore platforms implement a distinct hydrodynamical 

regime, not only explained by their fixed bottom geometry and impermeable rough surfaces, but 

as well by their plunging seaward boundaries that force waves throughout the platform into the 

nearshore (this last, however, only applicable to sub-horizontal Type B platforms, as their 

classification comes with the seaward plunging edge existence). As there is still an overall lack 

of knowledge concerning wave transformation processes across RSP surf zones, fully 

understanding their morphological controls on hydrodynamic phenomena is essential and must 

be encouraged in order to create a valid morphodynamical framework that accurately describe 

wave transformation and related hydrodynamic phenomena across such features. 

Furthermore, as morphologic changes can develop at different rates, in response to 

contrasting wave processes (e.g., wave breaking type) and morphology (e.g., platform 

gradient), it is likely that the responsiveness to wave processes will substantially vary within a 

platform-cliff system. For instance, surface erosion in the seaward edge of a Type B shore 

platform can be directly induced by breaking waves and occur at a largely higher rate when 

compared with the breaking wave induced erosion rate in an inner part of the platform. 

Comprehensively, an overall development concerning wave energy transformation and related 

processes (e.g., cross-shore currents, wave setup, etc.), encompassing distinct morphologies 

and incident wave conditions is of need. 
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3.2 Physical Setting 

The study site is located along the western Portuguese coast, approximately 40 km 

north of Lisbon. Ribeira d’Ilhas is a fully exposed high energy intertidal rocky shore platform 

(corresponding to Type B of Sunamura (1992) and waves approach predominately from the 

west-northwest sector. Fig.6 shows the study site from two different perspectives during low-

tide: on the top, a clear top view of Ribeira d’Ilhas sandy beach and RSP developing seawards, 

fronted by a cliff formation. On the bottom, a view from the top of the cliff is provided and the 

RSP well identified. 

 

 

Figure 6 - Study site photographs presenting two different top view perspectives during low-tide: at the top 

both the sandy beach (on the left) and RSP developing seawards fronted by a cliff formation (on the right). 

On the bottom a view from the top of the cliff is provided, enabling the RSP distinction. 

 

Ribeira d’Ilhas platform and cliff developed in near horizontal Lower Cretaceous (Albian) 

and, concerning its lithology, layers of thick limestones mostly alternate with thin marls 

(Andrade et al., 2002). A 20 to 30 m high cliff, topped by a thick sandstone layer, is fronted by 

an 80 to 100 m wide rocky shore platform. Lower intertidal shore platform is typically near-

horizontal with most of its extension lying below the MLWN elevation (i.e., mean low water 
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neap) promoting algal mat setting and growth. Also, sand accumulation takes place upon the 

upper intertidal RSP surface at low tide (Fig.7), mainly during regular summer months 

(Andrade et al., 2002). Regarding the upper intertidal shore platform site, a high sloping ramp 

develops landwards, which allows a clear distinction between upper and lower platform 

boundaries, characterized by differences in both bottom slope and roughness and enclosed by 

the MSL (i.e., mean sea level) and HHW (i.e., highest high water) elevations. 

Fig.7 shows the study site from a downward perspective during low-tide. The upper 

intertidal RSP rough surface can be observed: at the top developing shoreward to the cliff-foot 

and at the bottom developing seawards. 

 

 

Figure 7 - Study site photographs presenting two different downward perspectives of the upper intertidal 

RSP rough surface, during low-tide: at the top developing shoreward to the cliff-foot and at the bottom 

developing seawards. 

 

 

  



23 

 

3.3 Field Campaign 

Fig.8 displays the study site topography (panel (a)) and transversal (cross-shore) profile 

(panel (b)) on the top (with the cross-locations of the devices used in the experiment marked as 

red crosses) and the cliff top view of the study site on the bottom (at low tide on the left and high 

tide on the right, respectively). 

 

 

Figure 8 - Top panels (a) and (b) provide both the topography and the RSP cross-shore profile, 

respectively, of the field deployment locations (PT locations identified with red crosses). Bottom panels 

show top cliff views of the study site at low tide and high tide and high tide (left and right, respectively). 

 

The field campaign was conducted over a two-day period from March 28th to 29th, 2017. 

An almost shore-normal array of 5 pressure transducers (PT) was installed upon the platform 

surface approximately 5 cm above the bed at the intertidal zone. These PT recorded near-

bottom pressure time-series with a sampling frequency of 2 Hz. Of note, the landward-most PT 

(PT5, as PT were numbered from the outer to the inner-most location) was lost during the 

second day of recordings due to the more energetic wave conditions registered. PT were 

attached with a plastic clamp to a rocky platform cavity and further fixed with a rock. 

The PT horizontal positions (both cross-shore coordinate X and longshore coordinate Y) 

and vertical coordinate referred to the MSL (depMSL) are shown in Tab.1 The horizontal distance 
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between PT (Δx) below the MSL (PT1 to PT4) is less than 25 m and the PT5 (deployed above 

the MSL) display a distance from PT4 of approximately 50 m (exact cross-shore distances 

between PT are shown in Tab.3). 

 

Table 1 - PT horizontal coordinates (cross-shore (X) and longshore (Y)) and vertical coordinate referred to 

the MSL (depMSL)). 

  PT1 PT2 PT3 PT4 PT5 

X (m) -111645.00 -111627.00 -111603.50 -111585.00 -111522.00 

Y (m) -74667.00 -74664.00 -74661.00 -74658.00 -74658.50 

depMSL (m) -0.99 -0.75 -0.63 -0.63 1.20 

 

The bottom slope (tan(β)) for the PT deployment positions below MSL (PT1 to PT4) is 

around 0.01, further increasing onshore around the MSL to approximately 0.04 where PT5 was 

located (as illustrated in Fig.8b). This bottom slope distinction is typically correspondent to Type 

B rocky shore platforms, according to Sunamura (1992). 

 

 

Figure 9 - Offshore wave buoy measurements of significant wave height (Hs0), peak wave period (Tp), 

frequency integrated mean wave direction (Dir) and offshore wave steepness (δ), from top to bottom, 

respectively. 
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The time-series of significant wave height (Hs0), peak period (Tp) and (frequency 

integrated) mean wave direction (Dir), recorded by an offshore wave buoy operated by Instituto 

Hidrográfico (moored at a 500 m depth location), are shown in Fig.9. These devices (offshore 

wave buoys) are of obvious use in studies that somehow involve the wave climate assessment 

as they can measure relevant incident wave data, thus provide useful incident wave conditions 

measurements. The data provided is likely to be obtained in positions relatively far from those of 

field study sites (obviously in the longshore direction). In this specific case, the wave buoy which 

provided the data shown in Fig.9 is moored in a position offshore Nazaré, located 

approximately 90 km north of Ribeira d’Ilhas study site. 

Of interest, the offshore wave steepness (δ in Fig.9 bottom panel) was computed with 

the linear wave theory, hence L0=0.5T2g/π (in which Tp was used). Accordingly, the offshore 

wave steepness could be obtained with L0 and Hs0, as δ=Hs0/L0. Likewise, the Irribarren number, 

or surf similarity parameter (ξ), could be calculated with the offshore wave steepness. 

Therefore, 4 distinct ξ0 were obtained (after eq (10)) using day-averaged Hs0 values (~ 1.8 m 

and 3.5 m, respectively in the first and second days of the field campaign (see Fig.9)) and the 

distinct bottom gradients (~ 0.01 and 0.04, respectively for PT1-PT4 and PT5 cross-positions 

(see Fig.8b)). Tab.2 displays the resultant ξ0 values, obtained for both days and bottom slopes: 

 

Table 2 – Irribarren number (ξ0) obtained for the offshore wave steepness in both days of the field 

campaign and distinct PT cross-positions. 

 

PT1-PT4 
tan(β)~0.01 

PT5 
tan(β)~0.04 

 

 

First day (28/3) 0.112 0.447 

Second day 
(29/3) 

0.107 0.427 

 

 

Nine different time series were recorded over the duration of the experiment (one time 

series per PT, respectively five in March 28th plus four in March 29th because, as already 

mentioned, PT5 was lost during the second day of the field measurements). Each time series 

corresponds to a total length of 11 hours and the PT sampling frequency was 2 Hz (fs=2 Hz), 

meaning the elapsed time between each PT signal was 0.5 seconds. 
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3.4 Data Preparation 

Each PT was set to record its membrane oscillation (meaning a distance), which could 

then be converted to water column pressure values pdataPT. Given the sampling frequency 

adopted, every second exhibit two water column pressure readings and care should be taken 

when converting raw pressure into water depth, or tidal oscillations, respective to each PT 

position. Furthermore, each PT had a configuration pressure associated pconfPT (Tab.3) which 

was set internally by the PT configuration software. The total water depth assuming a vertical 

hydrostatic pressure distribution wPT could be obtained: 

 

 𝑤𝑃𝑇 = 𝑝𝑑𝑎𝑡𝑎𝑃𝑇
+ 𝑧0 − 𝑝𝑐𝑜𝑛𝑓𝑃𝑇

− 𝑝𝑎𝑡𝑚 (22) 

where patm is the atmospheric pressure and z0 is the vertical distance from each PT membrane 

readings down to the bedrock substrate, which is approximately constant amongst every PT 

position as all PT were installed 5 cm above the bed. 

Of note, we assumed a hydrostatic pressure. This assumption is valid for broken waves 

at the surf zone where the pressure sensors were located and not at the shoaling zone. In fact, 

recent studies employing a LIDAR technology to measure the sea-surface elevation support the 

use of the hydrostatic pressure assumption for broken waves (Brodie et al., 2015; Martins et 

al., 2017). Also, wave spectra (S(f)) computation followed a frequency-dependent correction 

factor, applied based on linear wave theory, to take into account the pressure attenuation over 

the water depth (Kp), with a maximum correction factor of 4 (see Bishop and Donelan, 1987). 

 

Table 3 - PT configuration pressure (pconf), depth in relation to the MSL (depMSL) and spacing between 

consecutive pairs (Δx). 

 

 

Each of the 9 treated wPT time series had a total length of approximately 11 hours and 

were low-pass filtered with a cut-off frequency of 0.001 Hz to remove the tidal oscillations (i.e., 

Butterworth filters were used to compute the tidal oscillation from the raw pressure data 

collected). Next, each time series was divided in 30-minute blocks. The mean value of the tidal 

oscillations for each block was defined as h. The high-frequency oscillations associated to wind-

generated wave motions (η) were obtained by subtracting the tidal oscillations from the original 

signal, as every PT had a fix position in relation to the MSL (Tab.3). 

Moreover, each time series was divided in 30 min data segments (each with N=3600 

data inputs) to achieve a certain compromise between needed stationary conditions and 

p conf (m)

dep MSL  (m)

Δx (m)

PT1

17.00

PT2

-0.99 -0.75 -0.63 -0.63 1.20

10.40 10.16 10.06 10.12 10.09

PT3 PT4 PT5

24.00 18.00 52.00
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uncertainty. Thereafter, knowing PT sampling frequency (fs) and the total time length for each 

data series, the total amount of blocks of data (per PT) Nb could be obtained: 

 

 
𝑁𝑏 =

𝑡𝑖𝑚𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑓𝑠

𝑁
=

11 . 60 . 60 . 2

30 . 60 . 2
= 22 

(23) 

   

To summarize the approach, raw pressure data collected in every PT position was 

converted to depict the local tidal oscillations. Thereafter, each time series obtained was divided 

in 30-minute blocks, with a total of 22 blocks per time series (i.e., Nb=22 blocks with N=3600 

data inputs) and the water depth h was defined as the mean value of the tidal oscillations for 

each block. Finally, the high-frequency oscillations (in short-wave frequency (“SW”) band (0.04 

< f < 0.33)) associated to wind-generated wave motions (η) were obtained. Fig.10 shows, as an 

example, a 2-minute η record obtained for PT1, in the first day of the field campaign. Also, 

average Sk, As and h values (calculated in the correspondent Nb) are represented. Appendix A 

provides 2-minute examples of η records, collected by the near-bottom pressure sensors (PT1-

PT5), using the hydrostatic pressure assumption. 

 

 

Figure 10 – Sea surface elevation record in the short-wave (SW) frequency band, measured in PT1 (in the 

first day of the field campaign). 

 

The wave spectrum S(f) was computed for each block of data (Nb) using the Welch 

method with 26 degrees of freedom and 0.0039 Hz frequency resolution. In fact, higher degrees 

of freedom (Dof) diminish the statistical uncertainty associated to S(f). Conversely, it increases 

the frequency resolution (Z). Hence, establishing both frequency resolution and degrees of 

freedom is an entangled process meaning that only by conducting a sensitivity analysis to the 

purpose of optimizing both parameters one can assess the best choice in terms of spectral 

accuracy and statistical validity. Moreover, wave frequency spectra S(f) were estimated and 

averaged for each Nb, which enabled the variance of the sea free surface oscillation description 

as a function of all the present frequency components. N data inputs (in each Nb) were divided 
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in blocks of 512 segments (nfft) and overlapped by 50%, providing the referred 26 degrees of 

freedom (Dof) and 0.0039 frequency resolution (Z). 

Thereafter, significant wave height Hs (or Hm0) was obtained through integration of the 

zeroth spectral moment m0: 

 

 

𝐻𝑠 = 𝐻𝑚0 = 4√ ∫ 𝑆(𝑓)

0.33

0.04

𝑑𝑓 = 4√𝑚0𝑠𝑤
 

 

(24) 

Once both h and Hs were computed for each PT, and for each block, γ was assessed in 

every PT position. All blocks that had h < 0.5 m were excluded from further analysis to remove 

PT experiencing wet and dry conditions (hence periods of emersion) and swash motions. 

As previously stated, S(f) computation followed a correction factor Kp for each 

frequency, which is necessary to account for the contribution of the dynamical pressure induced 

by the propagation of irregular wave motions into the pressure raw data refined: 

 

 
𝐾𝑝 =

cosh (𝑘𝜂𝑃𝑇)

cosh (𝑘𝑧0)
 

(25) 

This so-called pressure response factor Kp is thus wave frequency dependent, via the 

wave number k, which in turn was computed for each frequency component resolving iteratively 

the dispersion relationship (eq. (1)). 

Frequencies (f) in the short-wave frequency band “SW” (0.04 Hz < f < 0.33 Hz) were 

segregated from the infragravity wave band motions “IG” (f < 0.04 Hz) and both significant wave 

heights and peak periods (or frequencies) computed after a clear definition of the limits of 

integration in the frequency spectrum S(f). Hence, wave frequencies between 0.04 and 0.33 Hz 

were considered and significant wave height in the short-wave frequency band (Hm0) obtained 

after eq. (24). 
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4. Results and Discussion 

4.1 Relationship between Significant Wave 

Height and Water Depth 

Fig.11 and Fig.12 display the significant wave height Hm0 versus water depth h, 

computed in every PT deployment position and for both days of the field campaign. All blocks 

that had h < 0.5 m were excluded from further analysis to remove PT experiencing wet and dry 

conditions (emersion periods). 

 

 

Figure 11 - First day of the field campaign: significant wave height (Hm0) versus water depth (h), 

computed in every PT position. 

 

It is interesting to observe that significant wave heights Hm0 showed to be approximately 

linearly dependent on the local water depth h (hence tidally modulated and inside the surf zone) 

in all PT positions and in the both days of the field campaign, in agreement with results reported 

in studies conducted upon rocky shore platforms (Farrell et al., 2009; Ogawa, 2013; Poate et 
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al., 2018). In fact, these results suggest that all the deployed PT were located inside saturated 

(frequency nondispersive) surf zone contours (Thornton and Guza, 1982), where wave celerity 

c cease to depend on the frequency f, becoming a direct function of the water depth h. 

 

 

Figure 12 - Second day of the field campaign: significant wave height (Hm0) versus water depth (h), 

computed in every PT position. 

 

Upper bound γ limits are particularly useful to assess maximum wave conditions that 

can occur for a given h. Concerning the present study, upper bound γ values can be inferred 

from Fig.13a and 13b (represented by straight lines in both figures) correspondent to day 1 and 

2 of the field campaign, respectively. Experiments and studies conducted on sandy beach 

settings suggested γ to be constant inside the surf zone with an upper bound value of 0.59 

(Thornton and Guza, 1982). Moreover, subsequent research works found γ to vary with the 

offshore wave steepness (Nairn et al., 1990) and with the beach slope (Sallenger and 

Holman, 1985). 

As drawn in Fig.13a, an upper bound γ value of 0.40 was observed for the first day data 

recordings (i.e., black straight line). The landward-most PT (PT5) displayed a higher bound γ 

value of 1.00 (i.e., red straight line). This difference is explained by a large increase in the 

bottom slope towards the cliff-foot (see Fig.8b), which caused the substantial increase in the 

Irribarren number (ξ0) depicted in Tab.2. Therefore, the bottom slope (hence, the Irribarren 

number) contributes to differences in γ values in our study site. Of interest, although wave-

breakers were of the spilling type throughout the entire experiment, ξ0 increased in PT5 cross-
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location almost to the threshold susceptible to trigger plunging breakers (~ 0.5, as discussed in 

section 2.4). 

Conversely, in the second day (Fig.13b), an upper bound γ value of 0.51 was observed. 

This slightly higher γ limit may be connected to the 30º change in the offshore (frequency 

integrated) mean wave direction (Fig.9). However, the available instruments do not allow us to 

further substantiate this hypothesis. Of note, the offshore wave steepness was approximately 

constant during the time interval of the observations (Fig.9). Therefore, the offshore wave 

steepness cannot explain the γ increase, as other authors have proposed (Battjes and 

Janssen, 1978). 

 

 

Figure 13 - Significant wave heights (Hm0) versus water depth (h) computed in all PT. Upper bound γ values 

correspond to the straight lines. (a) First day of the field campaign. Red straight line corresponds to the 

upper bound γ value for the landward-most PT (PT5); Black straight line corresponds to the upper bound γ 

value associated to the other PT (PT1 to PT4). (b) Second day of the field campaign (PT1 to PT4). 

 

Surf zone saturation is observed if Hm0 shows a linear relationship with h (Thornton 

and Guza, 1982). In addition, Thornton and Guza (1982) associated this Hm0 depth 
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dependence with a high proportion of the waves breaking, being this linear relationship between 

Hm0 and h that separates the inner surf zone from the outer surf zone. These authors pointed 

out that the large variability in Hm0 decreased inside the surf zone. However, a decrease in the 

variability of Hs was not observed in our study. In fact, the absence of a reduction in Hs 

variability with water depth suggests that all PT were inside the breaking zone in our study site. 

4.2 Wave Nonlinearity Measured inside the 

Surf Zone 

Both measures of nonlinear wave shape, namely Sk and As, were computed for both 

days of the field campaign and in each PT position. Results are plotted against h in Fig.14 and 

Fig.15. As depicted the wave shape is not associated to linear sinusoidal waves because both 

values of Sk and As were different than zero. 

 

 

Figure 14 - First day of the field campaign. a) Wave skewness (Sk) plotted against the water depth (h) in 

each PT position. b) Wave asymmetry (As) plotted against the water depth (h) in each PT position. 
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The landward-most PT5 (Fig.14) showed much smaller values of both Sk and As when 

compared to the other PT for the same h. This may be explained by the effect of the bottom 

slope in this specific cross-shore location, similar to that reported by Rocha et al. (2017). 

Furthermore, it can be seen that for the same h differences within both days of the field 

campaign in terms of As and Sk were identified. As an example, Sk values were approximately 

0.75 for 1.5 m < h < 2.0 m in the first day (Fig.14a). For the same h, these values dropped to 

0.5 in the second day (Fig.15a). Since Sk values display their maximum near the breaking point 

and decrease further shoreward, this can be explained by the more energetic offshore wave 

conditions experienced during the second day (first panel of Fig.9). The breakpoint location 

likely moved seaward and PT were located further inside the surf zone during the second day. 

Similar changes can be seen for As with an increase during the second day. 

Both Sk and As differences are congruent and can be explained by the more energetic 

conditions registered in the second day. The breaking location probably occurred in a seaward 

position (when compared to the first day), thereby widening the breaking zone. 

 

 

Figure 15 - Second day of the field campaign. a) Wave skewness (Sk) plotted against the water depth (h) 

in each PT position. b) Wave asymmetry (As) plotted against the water depth (h) in each PT position. 
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Moreover, both Sk and As values are similar to those identified in previous studies 

(Kennedy et al., 2000). These values denote highly nonlinear shoaling and breaking waves, 

meaning continuous and turbulent wave energy dissipation due to depth induced breaking 

towards the shore. 

Overall, the comparison of Sk and As values indicate that the PT were located further 

inside the surf zone during the second day (i.e. Sk value decrease and As value was more 

negative) due to the more energetic wave conditions experienced. Furthermore, an apparent 

influence of the bottom slope on nonlinear wave shape change was identified in this analysis. In 

fact, a sudden decrease on both vertical and horizontal asymmetric measures was reported at 

the landward inner-most PT5 cross-shore location (when compared to the other PT sites, for the 

same depth h) (Fig.14), where the bottom slope largely differs from those of the other PT sites 

(see Fig.8b). 

4.3 Wave Nonlinearity Simulated inside the 

Surf Zone 

Both measures of simulated nonlinear wave shape (Skpredicted and Aspredicted) were 

computed for the two days of the field campaign and in each PT position, following Ruessink et 

al. (2012) approach descripted in section 2.6. The results were then compared with those 

obtained from the acquired field data (Skmeasured and Asmeasured), presented in the previous section. 

To the purpose of including Ur in the analysis, itself a nonlinearity measure derived from local 

parameters (herein calculated after Doering and Bowen (1995)), both measured and simulated 

nonlinear wave shape were plotted against each other and set to display their respective Ur 

(Fig.16). Once again, all data with h < 0.5 m were removed not to include PT emersion periods 

(meaning that swash zone data is not included in the analysis). For practical purposes and from 

now on, Ruessink et al. (2012) study will be referred to as “R12”. 

As shown in Fig.16 (panels (a) and (c)) Sk is underestimated by R12 formula. It performs 

worse in the first day (panel (a)) as Skpredicted significantly underestimates the measured Sk 

values, particularly the highest Skmeasured. However, in the second day (panel (c)), the trend is a 

better fit, although with generally lower Sk values (and in agreement with the results discussed in 

the previous section). This suggests a limitation in R12 formulas (eq. (16) and (17)), regarding the 

maximum measured Sk values (which are likely to have happened near the breaking point, after 

waves endured substantial shoaling). Notice that the maximum measured Sk is underestimated 

by ~30% and ~25%, respectively in the first (Fig.16a) and second (Fig.16c) days of the field 

experiment. Although the R12 formulation performance did not improve much towards the second 

day of the campaign regarding Sk maximum values simulation, it definitely provided a better 

overall Sk description. Moreover, it is interesting to observe that the R12 formula simulates Sk 

behaviour decently in PT5 cross-location (Fig.16a). However, care should be taken not only due 
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to the few data points available (with h < 0.5 m) in this specific platform location but also because 

of the large increase in the bed slope reaching the cliff-foot (see Fig.8b) (which consists in one of 

the acknowledged limitations of R12 parameterization, briefly discussed in section 2.6). 

 

 

Figure 16 - Wave skewness (panels (a) and (c)) and wave asymmetry (panels (b) and (d)) measured 

values (x-axis) plotted against those predicted by Ruessink et al. (2012) parameterization (y-axis). Top 

panels (a) and (b) correspond to the first day of the field campaign. Bottom panels (c) and (d) are those of 

the second day of the experiment. In all four panels (a)-(d) the colour of each dot is set do display its 

respective Ur value (indicated in the vertical colour bar) and the symbols distinguish PT (according to the 

legend). Black lines indicate where measured (x-axis) and predicted (y-axis) nonlinearity are equal. 

 

The trend in the As results is different (Fig.16, panels (b) and (d)). It is in the first day 

(panel (b)) that the parameterization performs better. In both days the higher As (absolute) and Ur 

values are associated to the worst fitting. This behaviour is more noticeable in the second day 

(panel (d)), with both Ur and Asmeasured increase in response to the more energetic offshore 

conditions (and surf zone widening, as PT were located further inside the surf zone). Herein, it is 

evident how the As increase cannot be described by the R12 formulation, in particular for the 

higher Ur values. Aspredicted (absolute value) seems to converge to 0.8 as measured asymmetry 
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(Asmeasured) grows, once again suggesting a clear limitation in R12 formulas concerning maximum 

nonlinearity values (both Sk and As). In fact, As maximum values underestimation showed to be 

even more pronounced (when compared to Sk) as R12 formula underestimated measured As 

(maximum) values by ~50% and ~65%, respectively in the first (Fig.16b) and second (Fig.16d) 

days of the field campaign. 

 

 

Figure 17 - Nonlinearity parameter (panels (a) and (c)) and phase (panels (b) and (d)) measured values 

(x-axis) plotted against those predicted by Ruessink et al. (2012) parameterization (y-axis). Top panels (a) 

and (b) correspond to the first day of the field campaign. Bottom panels (c) and (d) are those of the second 

day of the experiment. In all four panels (a)-(d) the colour of each dot is set do display its respective Ur 

value (indicated in the vertical colour bar) and the symbols distinguish between PT (according to the 

legend). Black lines indicate where measured and predicted values are equal. 

 

To investigate evidenced limitations in R12 parameterization, Fig.17 was drawn to 

display both the nonlinearity parameter (B) (panels (a) and (c)) and phase (𝜓) (panels (b) and (d)) 

measured in the field against those estimated by R12 formulas. In agreement with the discussed 

results of Fig.16, the formulation evidences a clear inability to estimate the higher values of the 

measured total nonlinearity (Bmeasured). In the first day (panel (a)), although with some scatter, B is 
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fairly described to moderate values of measured total nonlinearity (0.5 < Bmeasured < 1). In turn, for 

the second day data (panel (c)), the formula performs well until relatively higher Bmeasured (Bmeasured 

~ 1.2) suggesting the parameterization of R12 to achieve better results in the description of 

waves nonlinearity in the second day of data recordings. (associated to higher energetic 

conditions). This trend is also evidenced to apply to the phase 𝜓. In the second day 𝜓 exhibits a 

good agreement, as opposed to the first day where a considerable scatter is visible. 

Overall, the general nonlinearity underestimation provided by R12 formulation is shown 

to be linked to the total nonlinearity parameter B, evidenced in Fig.17c. Note that as the phase 

𝜓 is accurately estimated, even for the higher Ur values, B becomes less precise with Ur 

increasing. In both days of the field experiment Bmax is largely underestimated (~70% and 60%, 

respectively in day 1 and day 2), as opposed to the phase parameter (𝜓), which is significantly 

well estimated in day 2 (Fig.17d) but shows a great scatter in day 1 (Fig.17b) of the experiment. 

 

 

Figure 18 - Wave skewness (panels (a) and (c)) and wave asymmetry (panels (b) and (d)) measured 

values and those predicted by Ruessink et al. (2012) parameterization (y-axis, according to the legend) 

plotted against the Ursell number (x-axis, defined after Doering and Bowen (1995)). Top panels (a) and (b) 

correspond to the first day of the field campaign. Bottom panels (c) and (d) are those of the second day of 

the experiment. In all four panels (a)-(d) the colour of each circle is set do display its respective kh (~h/L) 

value (indicated in the vertical colour bar). 



38 

 

Of interest and once again, nonlinearity measures of the landward-most PT5 (which can 

only be found in panels (a) and (b), respective to the first day of the field campaign, in both Fig.16 

and 17) are generally better predicted than those of the other PT. It is then possible that the steep 

bed slope in this specific cross-shore location (PT5) “forced” nonlinearity measures to be closer to 

nonlinearity simulations. For instance, notice that As (Fig.16b) is overestimated, contrarily to 

results exhibited in PT1 to PT4. Also, notice that the parameterization adjustment worsens, 

further underestimating B values as Ur increases. In contrast to this, it slightly overestimates B 

values corresponding to PT5. Hence, it may be possible that the sudden bed slope increase 

towards the cliff-foot is responsible for this odd shift in the parameterization performance. In fact, 

these results agree with those of Rocha et al. (2017), who argued steeper bed slopes to restrict 

wave nonlinearity development (particularly Bmax). 

R12 parameterization curves are depicted in Fig.18 and 19 to gain further insight. Results 

of nonlinearity measured in the field (represented by the circles) and estimated by the curves 

(represented by the lines) are plotted against Ur. Also, nonlinearity measured are set to display 

their respective values in terms of the local nondimensional parameter kh in Fig.18 and γ in 

Fig.19. These local parameters were reported to correlate to the R12 formulation performance 

(Rocha et al., 2013). 

In terms of Sk, both Fig.18 and 19 (panels (a) and (c)) demonstrate that its trend is very 

well simulated. Despite underestimating Sk maximum values (more noticeable in the first day, 

panels (a)), the R12 formulation curve seems to follow Sk variation (notice, that a vertical shift 

would be sufficient to accurately simulate the Skmeasured maximum values). In the second day 

(panels (c)), because of the surf zone widening (due to the more energetic conditions registered), 

waves started to break in a seaward position relative to the PT positions. 

Regarding As (panels (b) and (d)) it is obvious that, overall, the parameterization curve is 

far from providing precise results (except for 1 < Ur < 3, in the first day (panel (b))). It can be 

inferred that it is for the second day of the field campaign (panels (d)) that R12 formula deviated 

the most from the measured As. Although fairly describing As at Ur ~ 1, it completely fails to 

estimate As both values and trend as Ur increases (in contrast to panel (b)). 

It it is for the lower kh, hence long waves and reduced depths (see the blue coloured dots 

in Fig.18) that the formula provided the worst underestimated results (Fig.18b and 18d). 

Similarly, Fig.19 shows the same analysis, but in terms of breaking and nonbreaking relative 

significant wave height γ. Note that consistently higher γ were measured during the second day of 

the field campaign (Fig.19 and Fig.13). Therefore, it may be that higher γ values are associated 

with a poor agreement (particularly As, in panels (b) and (d)), although the pattern obtained for 

the local nondimensional parameter γ (Fig.19) is not as clear as the one depicted for kh (Fig.18). 

These results comply with those of Rocha et al. (2013), who established R12  wave nonlinearity 

parameterization to provide less precise results for lower and higher kh and γ, respectively. 
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Figure 19 - Wave skewness (panels (a) and (c)) and wave asymmetry (panels (b) and (d)) measured 

values and those predicted by Ruessink et al. (2012) parameterization (y-axis, according to the legend) 

plotted against the Ursell number (x-axis, defined after Doering and Bowen (1995)). Top panels (a) and (b) 

correspond to the first day of the field campaign. Bottom panels (c) and (d) are those of the second day of 

the experiment. In all four panels (a)-(d) the colour of each circle is set do display its respective γ (~Hm0/h) 

value (indicated in the vertical colour bar). 

 

It is important to stress out that, herein, wave nonlinearity (in terms of both Sk and As) 

were estimated from surface elevation records, as opposed to the work of R12 in which orbital 

velocity records provided the means to their wave nonlinearity estimations. Poate et al. (2018) 

have recently tested R12 formulations with their own set of data, using measured surface 

elevation records and not velocity time series. Although the qualitative trend of both Sk and As 

evolution showed to be well descripted, Poate et al. (2018) reported the same overall Sk 

underestimation (more pronounced for increasing Ur values). However, in contrast to the 

present study, As formulation provided an overall good fit to their data. The results of Poate et 

al. (2018) are presented onward. 
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Figure 20 - Results of Poate et al. (2008) study; Wave skewness (Askew) and asymmetry (Aasym) as a 

function of the Ursell number (Ur) devired from Hs. The dots represent individual estimates and the dashed 

lines represent Ruessink et al. (2012) proposed fits. 

 

In this study, Sk maximum measured values are likely to have happened near the 

breaking point, after waves endured substantial shoaling (~ 25-30% underestimation). Although 

the overall Sk underestimation reported by Poate et al. (2018) can also be observed in our data 

(e.g., Fig.16), which may be linked to the different methodologies adopted in the wave 

nonlinearity estimation (i.e., near bottom pressure records vs near bottom orbital velocity 

records), R12 parameterization completely failed to estimate maximum nonlinearity values in 

this study. In particular, As formula provided the worst results with the relative wave length 

decreasing (kh → 0, Fig.18b and 18d) (~ 50-65% underestimation). 
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5. Conclusions and future 

research 

In the first day of data recordings γ displayed an upper bound value of 0.40, increasing 

to 1.00 at the landward-most position, highlighting the bottom slope influence on wave energy 

dissipation in the nearshore. Conversely, in the second day of the field campaign, the upper 

bound γ limit showed a slight increase to 0.51 that might indicate a response to a 30º shift of the 

offshore (frequency integrated) mean wave direction. 

The comparison of the values of Sk and As indicate that the PT were located further 

inside the surf zone during the second day (i.e. Sk value decrease and As value was more 

negative) due to the more energetic wave conditions experienced. Furthermore, an apparent 

control of the bottom slope on Sk and As was identified in this analysis. 

Measured Sk and As were compared with simulations provided by Ruessink et al. 

(2012) formulation. An overall underestimation was observed, enhanced for the higher Ur 

values. Maximum wave nonlinearity in terms of Sk was underestimated by 30-25% (respectively 

in the first and second days of the field campaign). However, it was for the As formulation that 

the estimations deviated the most from the measured values. In fact, a 50-65% underestimation 

was present for the maximum As measured values (respectively in the first and second days of 

the experiment). The above-mentioned underestimation showed to be linked to the total 

nonlinearity parameter (B). 

Ruessink et al. (2012) formulation showed mixed results when applied to our data. The 

general wave nonlinearity underestimation trend may be explained by the different 

methodologies adopted to calculate both As and Sk, since these authors collected near bottom 

orbital velocity data, as opposed to the present work where near bottom pressure records were 

measured. However, maximum predicted values completely fail to adjust to our data. This is 

particularly evident for the lower kh values (correspondent to the inner surf zone), to which the 

formulation provided the most inadequate results. 

Apparently, both the offshore wave conditions and the bottom slope exerted specific 

controls on the parameterization performance, suggesting that the local parameters are not 

sufficient to achieve a fulfilled nonlinearity description. Although the qualitative trends of Sk and 

As can be well portrayed, enhanced shoaling (triggered by both low offshore wave steepness 

and bottom slopes, as waves are “allowed” to propagate further into the nearshore without 

breaking) and highly asymmetric (inner surf zone) waves could not be properly simulated by the 

parameterization formulas. 

To the purpose of achieving an accurate wave nonlinearity description future 

researches shall improve the formulations tested herein (and others like those of Rocha et al. 

2017)) by including field data collected both in inner and outer surf zone parts.  
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Appendix A 
 

 

 

 

Examples of sea-surface elevation time-series 

collected by the near-bottom pressure 

sensors. 

 

Herein are presented some examples of sea-surface elevation time series (η) collected 

by the near bottom pressure measurements provided by the PT using the hydrostatic pressure 

assumption. Besides 2-minute η records in the short-wave frequency band (“SW”), each figure 

displays the medium values of wave skewness (Sk), asymmetry (As) and water depth (h), 

measured in each correspondent Nb (1 ≤ Nb ≤ 22) and PT (PT1-PT5). Fig.1 to Fig.7 correspond 

to the first day of the field campaign. In turn, Fig.8 to Fig.16 correspond to the second day of 

the experiment. 

 

 

 

Figure 1 – Sea surface elevation time-series measured by PT1 in the first day of the field campaign. 
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Figure 2 – Sea surface elevation time-series measured by PT1 in the first day of the field campaign. 

 

 

Figure 3 – Sea surface elevation time-series measured by PT2 in the first day of the field campaign. 

 

 

Figure 4 – Sea surface elevation time-series measured by PT2 in the first day of the field campaign. 
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Figure 5 – Sea surface elevation time-series measured by PT3 in the first day of the field campaign. 

 

 

Figure 6 – Sea surface elevation time-series measured by PT3 in the first day of the field campaign. 

 

 

Figure 7 – Sea surface elevation time-series measured by PT5 in the first day of the field campaign. 
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Figure 8 – Sea surface elevation time-series measured by PT1 in the second day of the field campaign. 

 

 

Figure 9 – Sea surface elevation time-series measured by PT1 in the second day of the field campaign. 

 

Figure 10 – Sea surface elevation time-series measured by PT1 in the second day of the field campaign. 
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Figure 11 – Sea surface elevation time-series measured by PT2 in the second day of the field campaign. 

 

 

Figure 12 – Sea surface elevation time-series measured by PT2 in the second day of the field campaign. 

 

 

Figure 13 – Sea surface elevation time-series measured by PT2 in the second day of the field campaign. 
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Figure 14 – Sea surface elevation time-series measured by PT4 in the second day of the field campaign. 

 

 

Figure 15 – Sea surface elevation time-series measured by PT4 in the second day of the field campaign. 

 

 

Figure 16 – Sea surface elevation time-series measured by PT4 in the second day of the field campaign. 
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