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Abstract v 

Abstract 

The steep slopes and large bottom roughness of coral reefs contrast with the 

milder slopes and smoother bottoms of sandy beaches where most historical research on 

surf zone processes has been targeted. These physical characteristics of reefs may thus 

explicitly violate the underlying assumptions of existing surf zone models when applied 

to reef systems. Given the importance of surf zone dynamics to a range of physical 

dynamics (e.g., coastal inundation and sediment transport) and biological processes 

(e.g., larval and nutrient transport and dispersal), there is a need to rigorously assess 

existing theory and, where necessary, develop new theory appropriate for reef 

environments. This thesis was directed at addressing these open questions through three 

chapters. In chapter two, the suitability of commonly used numerical models in steep-

slope reef environments was assessed using existing laboratory observations on a 

smooth reef profile. In chapter three, the dynamics of wave setup were evaluated with 

higher spatial-resolution data collected in a 1:36 scale wave flume with a smooth 

bottom and characteristic fringing reef profile. Finally in chapter four, the effect of large 

bottom roughness on wave setup was determined by comparing the results from the 

smooth laboratory flume experiments with the same experiments conducted over scaled 

roughness elements. 

In chapter two, we find that existing nearshore numerical models are capable of 

reproducing observations of waves and wave setup across a laboratory reef profile with 

reasonable accuracy, despite the steep (1:11) reef slope explicitly violating the mild-

slope and other fundamental assumptions that underpin the numerical models. However, 

a partial explanation for the good agreement with observations reported in chapter two, 

and elsewhere, may be owing to the tuning of empirical coefficients and hence not be 

physically meaningful. Indeed, in many cases tuning model parameters to best 

reproduce the observed wave height decay resulted in a reduction in the accuracy of 

wave setup predictions, which indicates a fundamental breakdown in the dynamical 

relationship between the predicted radiation stress gradients and the observed wave 

setup. However, as detailed surf zone measurements were not available, it was not 

possible to further evaluate the details of wave and setup dynamics. 

The general lack of detailed surf zone measurements on reefs was rectified by 

conducting the high-resolution laboratory experiments detailed in chapters three and 

four. In these chapters, we utilized new datasets to evaluate the time-averaged cross-

shore momentum equation from observations of water levels and velocities, rather than 
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the traditional approach of using empirical models to predict wave transformation 

through the surf zone. For runs without roughness (chapter three), the momentum 

equation collapsed to a balance between pressure and radiation stress gradients, and 

revealed a significant underestimation of wave setup when radiation stress gradients 

were approximated from observations using linear wave theory alone. Including the 

radiation stress contribution from wave rollers was found to reduce the under prediction 

of setup from 21% to only 3% on average.  

Using an array of roughness elements affixed to the same reef profile as in 

chapter three, the influence of the large bottom roughness typical of coral reefs was 

evaluated in chapter four. Despite the presence of roughness modifying the setup 

profiles near the reef crest and changing the partitioning between wave and bottom 

stress forces, roughness did not affect the net setup on the reef flat. These results are in 

contrast to the often reported large increases in setup predicted by the presence of 

roughness in numerical models. The consistency between the setup on the smooth and 

rough laboratory profiles is accounted for by an 18% (on average) reduction in setup 

generated by radiation stress gradients in the rough versus smooth cases coupled with a 

16% (on average) increase in setup generation by bottom roughness resistance forces in 

the rough cases. These results highlight the need for precise predictions of the wave 

field and the time-averaged bottom stress to accurately predict the setup response on 

steep-slope reefs. This thesis contributes to the understanding and prediction of the 

complex wave and setup dynamics on steep slopes and in areas of large bottom 

roughness. 
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Notation 

Symbol Definition Unit 
Au, Su Velocity asymmetry Au and velocity skewness Su - 

 Wave breaking criteria within SWASH - 
B Parametric wave breaking intensity coefficient - 
BSS Brier Skill Score - 

 Reef slope - 
D Wave roller dissipation coefficient - 

Cd Bulk bottom drag coefficient - 
, ,C C C  Wave power spectral density for the total, shoreward, and 

seaward components, respectively  
m2 Hz-1 

c Wave celerity m s-1 
cg Wave group velocity m s-1 
Dbore Wave energy dissipation rate of a bore J m-2 s-1 
Dbr Wave energy dissipation rate due to breaking J m-2 s-1 
Dfric Wave energy dissipation rate due to roughness J m-2 s-1 
E Wave energy density J m-2 
Er Kinetic energy of the wave roller J m-2 

0 Deep water surf similarity parameter - 
 Free surface deviation from h0 m 
 Variation of  on the wave group time-scale m 
 Time-averaged  (e.g., wave setup or setdown) m 

pred
Predicted  m 

r  Time-averaged  on the reef flat m 

 Difference between maximum setdown and r  m 

, ,F F F   Wave energy flux for the total, shoreward, and seaward
components, respectively 

J m-1 s-1 

Fc0 Nonlinearity parameter - 
f Frequency Hz
fp Peak wave frequency Hz 
frep Representative wave frequency Hz 
fl Boundary between SS and IG frequency bands Hz 

, ,, ISS Gme anan meff  Mean frequency of the sea-swell and infragravity waves, 
respectively 

Hz

fw Wave bottom drag coefficient - 
g Acceleration due to gravity m s-2 
 Parametric maximum wave height to water depth ratio - 

k Wave number radians m-1 
Hrms Root mean squared (rms) wave height m 
Hrms,0 Deep water root mean squared (rms) wave height m 
h0 Still water depth m 
h0,r Still water depth on the reef flat m 
KE, PE Wave kinetic and potential energy, respectively  J m-2 
L0 Deep water wave length m 

f
Frontal area of roughness elements per unit plan area - 

p
Plane area of roughness elements per unit plan area - 



xxvi Notation 

lh, lv Horizontal (lh) and vertical (lv) dimensions of roughness 
elements 

m 

MT Depth- and time- averaged Lagrangian mass flux kg m-1 s-1 
Mw Wave mass flux kg m-1 s-1

Mr Wave roller mass flux kg m-1 s-1

N Number of roughness elements per unit plan area m-2 

d Wave propagation direction in SWAN o 

 Instantaneous free surface inclination angle o 

r Wave roller inclination angle o

w Wave front inclination angle o

P Pressure N m-2 
Ph, Pnh Hydrostatic and non-hydrostatic pressure, respectively 

within SWASH 
N m-2 

Periodic forcing function - 
Qbr Fraction of breaking waves within parametric wave model - 
 Density of water kg m-3 

SS, IG Sea-swell and infragravity frequency bands, respectively Hz 
S0 Offshore wave steepness - 
Stot Wave energy source/ sink within SWAN J m-2 s-1 
Sxx Cross-shore component of the radiation stress tensor N m-1 
Sxx,eff Cross-shore component of the effective radiation stress N m-1 
Rxx Cross-shore component of the wave roller radiation stress N m-1 

xx xxS R  Cross-shore integrated radiation stress gradient N m-1 

f Wave frequency band in SWAN Hz 

u Standard deviation of bu  m s-1 

Tp Peak wave period s 
 Stress tensor with in SWASH N m-2 

b
Time-averaged (mean) bottom stress N m-2 

t  Time-averaged shear stress at the boundary of the wave and 
the wave roller 

N m-2 

Ub Cross-shore time-averaged near-bottom velocity m s-1 
u, w Velocity in the cross-shore and vertical directions, 

respectively 
m s-1 

,u w Wave orbital velocities in the cross-shore and vertical 
directions, respectively 

m s-1 

ub Cross-shore instantaneous near-bottom velocity m s-1 

bu  Cross-shore instantaneous near-bottom wave velocity m s-1 

WRPE Weighted rms percent error metric % 
 Wave angular frequency radians s-1 
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1. General Introduction

1.1. Introduction 

Fringing coral reefs are common features for a large portion of the world’s 

tropical coastlines, providing a natural buffer between the land and the sea. Reefs also 

provide a multitude of eco-system services (Moberg and Folke 1999; Barbier et al. 

2011). However, coral reefs are in decline worldwide due to a combination of local and 

global stressors, including overfishing, climate change-induced coral bleaching, 

eutrophication, and disease (Hughes et al. 2003). Unlike sandy beaches, much of the 

bathymetry of reefs is owing to live organisms, which create the calcium carbonate 

skeletons that establish the morphologies and bottom roughness characteristics that 

define reefs (Alvarez-Filip et al. 2009). The growth pattern of hard corals and the long-

term response to sea-level variations create the unique structure of fringing reefs, which 

are typically characterised by steep reef slopes and long shallow reef flats (Monismith 

2007; Lowe and Falter 2015). 

Surf zone wave and wave setup dynamics are paramount to understanding a 

number of other physical (e.g., coastal inundation and sediment transport) and 

biological processes in the coastal ocean (e.g., larval and nutrient transport and 

dispersal) (Roberts et al. 1975; Monismith 2007; Lowe et al. 2010; Lowe and Falter 

2015). This is particularly true for coral reefs, as the reef building organisms require 

water motion for nutrient and gas exchange as well as reproduction through larval 

dispersal (Monismith 2007). Despite surf zone processes being analogous between reefs 

and sandy beaches, the high slopes and roughness of reefs often exceed the theoretical 

limits of validity and the validation range for existing surf zone models, which have 

historically been developed and validated for use in sandy beach environments. As 

such, there is a need to quantifiably investigate existing theory and potentially develop 

new theory for application to reef environments. 

1.2. Background 

When ocean waves approach a shoreline the height of the waves increase, their 

wavelength contracts (via shoaling), and the waves steepen until their form becomes 

unstable and collapse in the form of a breaking wave (Hamm et al. 1993). The form of 

the breaking wave and the associated rate of energy loss are dependent on the offshore 

wave steepness and the bottom slope (Iribarren and Nogales 1949). In the breaking 

process, ordered wave energy is transferred to turbulent energy as well as higher and 
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lower frequencies (Elgar et al. 1992). Decay of wave energy shoreward of the break 

point and the associated momentum flux gradients (Longuet-Higgins and Stewart 1962) 

are usually well-balanced by an increase in the mean water level shoreward of the break 

point (wave setup; Longuet-Higgins and Stewart 1964; Bowen et al. 1968; Guza and 

Thornton 1981; Gourlay 1994). 

Wave and setup dynamics are governed by physical laws and have been studied 

in great detail for the last few decades in areas of mild sandy slopes primarily in 

Europe, the United States, and areas of Australia (Birkemeier and Thornton 1994; 

Raubenheimer et al. 1996; Elgar et al. 2001; Raubenheimer et al. 2001; Ruessink et al. 

2001; Raubenheimer 2002; Thomson et al. 2006). Analogous processes take place on 

the estimated 80% of coastlines fronted by steep rocky or coral reef slopes (Emery and 

Kuhn 1982), but have been much less studied (Massel and Gourlay 2000; Sheremet et 

al. 2011). Though the relevant processes are believed to be the same, due to the 

complex morphologies and extreme slopes of reef systems, the relative importance of 

these processes and their highly nonlinear interactions differ from beach environments 

(Massel and Gourlay 2000; Sheremet et al. 2011). The underlying assumptions used to 

investigate and predict dynamics in sandy mild-slope environments are often technically 

violated when applied to steep rocky or coral reef environments (Massel and Gourlay 

2000; Demirbilek and Nwogu 2007; Sheremet et al. 2011). For example, the steep 

slopes may violate the mild-slope assumption found in many weakly dispersive models 

(Demirbilek and Nwogu 2007). Additionally on steep slopes, parameterizations of bed 

stress, wave breaking, and other processes developed for mild slopes and found in many 

models, may not be applicable. 

In comparison to sandy beaches, wave and setup observations on reefs are 

severely lacking. In part due to the difficulties in obtaining measurements within the 

surf zone of reefs, there is an absence of field observations between water depths of five 

meters and reef crests where rapid wave transformation and setup generation occur 

(Péquignet et al. 2009; Vetter et al. 2010; Pomeroy et al. 2012; Becker et al. 2014). The 

only available surf zone observations on reef profiles have come from laboratory flume 

experiments, including those by Gerritsen (1980), Seelig (1983), Nelson and Lesleighter 

(1985), Gourlay (1994, 1996b), Demirbilek et al. (2007), and Yao et al. (2012b). These 

laboratory studies have led to some understanding of how setup responds to offshore 

wave height, wave period, and still water depth. Laboratory data have also been the 

basis for empirical formulas for predicting setup on fringing reefs, including the 

formulas of Gourlay (1996a) that have been commonly applied (e.g., Sheppard et al. 
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2005). However, these laboratory studies targeted bulk wave dissipation and setup 

trends and do not provide the spatial-resolution of surf zone measurements required to 

evaluate the details of wave and setup dynamics. In addition, prior to this thesis there 

has not been a rigorous experimental investigation of the effect the large roughness that 

is a characteristic of reefs has on wave and setup dynamics. 

1.3. Motivation and Aims 

This thesis contributes to the understanding and prediction of the complex wave and 

setup dynamics on steep slopes and in areas of large bottom roughness by: 

1. Evaluating how three of the most common classes of existing nearshore models

perform in predicting both the wave transformation and setup dynamics across a

steep fringing reef (chapter two)

2. Investigating the detailed surf zone momentum balances that control setup

dynamics on a steep-slope profile, including how models can be modified to

improve these predictions (chapter three)

3. Quantifying and predicting the effect that large roughness has on wave and setup

dynamics (chapter four)

1.4. Thesis Structure 

This thesis comprises a general introduction (chapter one) followed by three 

chapters presented in manuscript format (chapters two, three, and four) and a general 

discussion (chapter five). In chapter two, commonly used nearshore numerical models 

are reviewed and compared with observations from Demirbilek et al. (2007). Model 

evaluation in chapter two focuses on bulk wave and setup statistics on a smooth reef, as 

datasets including roughness, measurements of velocity and wave direction, and 

detailed surf zone measurements were not available. This lack of data was addressed by 

conducting the new high-resolution laboratory experiment detailed in chapters three and 

four. In both chapters three and four, we utilize the new dataset to evaluate the time-

averaged cross-shore momentum equation from observations of waves and wave setup, 

rather than the traditional approach of using empirical or idealized models to predict 

wave transformation through the surf zone. Finally, chapter five, integrates the findings 

from the previous chapters and discusses the broader implications of this work. 
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2. Evaluation of nearshore wave models in steep reef environments

2.1. Abstract 

To provide coastal engineers and scientists with a quantitative evaluation of 

nearshore numerical wave models in reef environments, we review and compare three 

commonly used models with detailed laboratory observations. These models are: 1) 

SWASH (Zijlema et al. 2011) a phase-resolving nonlinear shallow water wave model 

with added non-hydrostatic terms; 2) SWAN (Booij et al. 1999) a phase-averaged 

(Roelvink et al. 2009) a coupled phase-averaged 

spectral wave model (applied to modeling sea-swell waves) and nonlinear shallow 

water model (applied to modeling infragravity waves). A quantitative assessment was 

made of each model’s ability to predict sea-swell (SS) wave height, infragravity (IG) 

wave height, wave spectra, and wave setup ( ) at 5 locations across the laboratory 

fringing reef profile of Demirbilek et al. (2007). Simulations were performed with the 

“recommended” empirical coefficients as documented for each model, and then the key 

wave breaking parameter for each model (  in SWASH and  in both SWAN and 

 was optimized to most accurately reproduce the observations. SWASH, 

SS wave height variations 

across the steep fringing reef profile with reasonable accuracy using the default 

coefficients. Nevertheless, tuning of the key wave breaking parameter improved the 

IG 

wave height and spectral transformation. Although SWAN was capable of modeling the 

SS wave height, in its current form it was not capable of modeling the observed spectral 

transformation into lower frequencies, as evident in the under prediction of the low-

frequency waves. 

2.2. Introduction 

Historically nearly all nearshore wave models have primarily (or exclusively) 

been developed, calibrated, and tested on mild-slope sandy beaches. As a result, it is 

unclear if these models are suitable to simulate waves in reef systems that often have 

steep, sometimes nearly vertical, slopes and complex morphology. Here we review three 

commonly used numerical nearshore wave models and quantitatively compare the 

model predictions with data from a detailed laboratory experiment of wave 

transformation across a model fringing reef. This evaluation provides insight into the 

suitability of each model to simulate a full range of hydrodynamic processes (sea-swell, 
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infragravity waves, and wave setup) within reef systems, as well as an assessment of 

where each model tends to break down and thus could be further improved.  

Numerical wave models used to investigate field scale processes on the order 

kilometres to 10s of kilometers loosely fall into two categories: phase-averaged and 

phase-resolving (Cavaleri et al. 2007). Phase-averaged models simulate wave processes 

in a stochastic manner, often based on linear wave theory with empirical formulations 

derived from field or laboratory data. Phase-resolving models simulate wave processes 

based on conservation laws (mass and momentum), but may also include empirical 

formulations calibrated to field or laboratory data. Phase-resolving models resolve 

individual waveforms, requiring a grid resolution fine enough to capture the shortest 

wave length (highest frequency waves) of interest in a study. This further increases the 

computational demand of such simulations, as the maximum allowable computational 

time step (dictated by the Courant condition) required to resolve wave propagation is 

dependent on the horizontal grid resolution and depth. Due to this computational 

demand, the application of phase-resolving wave models has been largely restricted to 

studies of lower frequency motions (e.g., infragravity waves, tsunamis, and tides), small 

scale (e.g., a harbor entrance) and/or short duration dynamics, or idealised one-

dimensional (1D) studies. Phase-averaged models, on the other hand, do not have the 

same restriction on grid resolution or time steps, allowing much larger scale and longer 

duration studies to be conducted. For larger scale and/or longer duration studies which 

require modelling physical processes at a range of time scales (e.g., wind-waves, tides, 

and currents) both phase-resolving and phase-averaged models are often coupled. 

The underlying assumptions embedded in existing nearshore wave models, e.g., 

spectral models and Boussinesq-type, that were originally developed for mild-slope 

beach environments are often technically violated when applied to reef environments 

(Massel and Gourlay 2000; Demirbilek and Nwogu 2007; Sheremet et al. 2011). For 

example, the steep slopes of coral reefs may violate the mild-slope assumption found in 

many weakly dispersive models (Demirbilek and Nwogu 2007). Additionally, 

parameterizations of bed stress, wave breaking, and other processes developed 

originally for sandy beach environments may not be applicable. Due to the rapid 

bathymetric changes on reef slopes, wave breaking is particularly intense and occurs 

across a much narrower region than the broad surf zone typically found on dissipative 

beaches. Further, due to the increased roughness, rates of bottom friction dissipation 

have also been shown to be much greater than on sandy beaches (e.g., Lowe et al. 

2005b). 
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Despite these theoretical limitations, models and parameterizations originally 

derived for mild sandy slopes have often been applied to steep slope reef environments 

with little or no modification. Symonds et al. (1995) first formulated a one-dimensional 

(1D) analytical model for wave-driven currents on reefs, based on a linearized set of 

momentum equations and radiation stress theory. Subsequent 1D analytical models have 

been formulated by Hearn (1999) and Gourlay and Colleter (2005). Sheremet et al. 

(2011) compared a 1D nonlinear phase-averaged model and a 1D phase-resolving 

numerical model to laboratory data. Demirbilek and Nwogu (2007) and others have 

applied 1D Boussinesq-type models to laboratory data. Zijlema (2012) and Torres-

Freyermuth et al. (2012) applied a non-hydrostatic nonlinear shallow water wave model 

to laboratory and field datasets. Phase-averaged spectral wave models have been 

applied in field studies by Lowe et al. (2009b), Hoeke et al. (2011), and Storlazzi et al. 

(2011), and tested against both laboratory and field data by Filipot and Cheung (2012). 

Pomeroy et al. (2012) and Van Dongeren et al. (2013) applied a coupled wave action 

and nonlinear shallow water model to investigate the field-scale dynamics of short- and 

long-period wave motions across a fringing reef. 

In this present study, three widely used open-source nearshore wave models are 

reviewed, and their performance is quantitatively compared against a comprehensive 

laboratory data set of wave transformation across a steep fringing reef profile under a 

range of different conditions. A particular focus of the assessment is on the dynamics of 

wave breaking in the surf zone region, and how this also influences predictions of low-

frequency wave motions and wave setup. Each model was applied to 29 laboratory test 

conditions of Demirbilek and Nwogu (2007), which incorporated a wide range of 

incident spectral wave conditions and still water levels. Models were assessed for their 

performance in predicting sea-swell (SS) wave heights, infragravity (IG) wave heights, 

wave spectra, and wave setup ( , the mean deviation from still water) at 5 locations 

across the fringing reef profile. 

2.3. Numerical wave models 

We selected three common nearshore wave models (Table 2.1). They are open-

source, widely used, and span a range of modeling approaches (both phase-averaged 

and phase-resolving), theoretical complexities, and computational expense. These 

include: 1) SWASH (Simulating WAves till Shore; Version 1.20 downloaded from 

http://swash.sourceforge.net) (Zijlema et al. 2011), a phase-resolving non-hydrostatic 

free surface model; 2) SWAN (Simulating Waves Nearshore; Version 40.91 downloaded 
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from http://swanmodel.sourceforge.net) (Booij et al. 1999), a phase-averaged spectral 

http://oss.deltares.nl/web/xbeach) (Roelvink et al. 2009), a nearshore wave and 

circulation model that combines phase-averaged and phase-resolving approaches. As 

detailed descriptions of these three models are already widely available in the literature, 

only a brief overview of each is included here.  

Table 2.1: Open source numerical wave models evaluated in this study. 
Model Class Wave breaking formulation Reference 

SWASH 
NLSW+ 
non-hydrostatic terms Shock-capturing (Zijlema et al., 2011) 

SWAN Wave action balance Parametric (Booij et al., 1999) 

 
Wave action balance with 
phase resolving IG Parametric (Roelvink et al., 2009) 

SWASH solves the nonlinear shallow-water equations with added non-

hydrostatic pressure (Zijlema et al. 2011). Though the model is 3-dimensional for 

reasons of exposition Smit et al. (2013) describe the governing equations in the 2-

dimensional vertical plane with Cartesian, cross-shore (x) and vertical (z) coordinates, 

and time (t) as: 

1 ,h nh xx xzP Pu uu wu
t x z x x z

(2.1) 

1 ,  andnh zxzzPw uw ww
t x z z z x

(2.2) 

0,u w
x z

(2.3) 

where u(x,z,t) and w(x,z,t) are the horizontal and vertical velocities, respectively;  is 

water density; Ph and Pnh are the hydrostatic and non-hydrostatic pressures, 

respectively, and , , , and z zzxx xz x  are the turbulent stresses. 

SWAN predicts the spectral evolution of wave action in space and time (Booij et 

al. 1999). Wave action (A) is defined as A=E( f, d) f, where E( f, d) is the wave energy 

spectrum that distributes wave energy over frequencies ( f) and propagation directions 

( d). The governing wave action equation is (Booij et al. 1999): 

,yx tot

f d f

c Ac A c A c A SA
t x y

 (2.4) 

where, cx, cy, c , and c  are the propagation velocities of wave energy in spatial (x, y), 

frequency ( f), and directional ( d) space, respectively. The Stot term can include 
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dissipation terms, in particular due to depth-limited wave breaking and bottom friction, 

as well as growth and energy transfer terms. 

SS wave processes in a phase-averaged manner, solving the 

wave action equation similar to Eq. (2.4) (Roelvink et al. 2009). However, the wave 

SS wave frequency and 

is applied at the time-scale of individual wave groups. Applying the wave action 

equation at the time-scale of individual wave groups allows variation in SS wave height 

and total water depth on the time-scale of individual wave groups. Infragravity (IG) 

wave motions and mean flows are instead modelled in a phase-resolving manner, 

solving the nonlinear shallow-water equations (i.e., Eq. (2.1)-(2.3)) but in a depth-

averaged, hydrostatic form) (Roelvink et al. 2009) SS wave 

processes in a phase-averaged manner and long-wave processes (e.g., IG waves and 

tides) in a phase-resolving manner. This reduces the computational demand compared 

to a full (all frequencies) phase-resolving model. 

2.3.1. Wave breaking 

There is no analytical solution for wave breaking. Commonly used depth-

integrated numerical wave models do not describe overturning of the free surface and 

thus cannot fully reproduce wave breaking processes (Cienfuegos et al. 2010). Phase-

resolving models of the Boussinesq-type commonly include wave breaking effects by 

adding an ad-hoc dissipation term, sometimes including roller effects, to the momentum 

equations (Svendsen 1984a; Schäffer et al. 1993; Madsen et al. 1997). This method was 

referred to as an eddy viscosity approach. Eddy viscosity formulations require scaling 

coefficients with no direct physical or measurable meaning (Cienfuegos et al. 2010). 

The nonlinear shallow-water equations can be formulated to satisfy exact conservation 

laws (mass and momentum) for non-dispersive waves (Zijlema et al. 2011; Smit et al. 

2013). Implementation of exact conservation laws and use of numerical shock-capturing 

schemes, which solve for discontinuous hydraulic problems, allow wave breaking 

dissipation to be modeled in a manner similar to hydraulic jumps (Zijlema and Stelling 

2008). 

SWASH accounts for depth-limited wave breaking with a shock-capturing 

conservation scheme (Zijlema and Stelling 2008). In SWASH with a large number of 

vertical layers, as waves steepen and approach breaking, a saw tooth waveform 

develops. At this discontinuity, the correct amount of energy is dissipated numerically 

via a shock-capturing scheme (Zijlema et al. 2011). When using only a single vertical 

layer, the saw tooth waveform is unable to develop due to the lack of vertical resolution 



Chapter 2 Evaluation of nearshore wave models in steep reef environments 36 

of flow velocity. This requires an additional metric to determine the onset of wave 

breaking, i.e. (Smit et al. 2013): 

0 ,g h
t

  (2.5) 

where is an empirical tuning parameter that determines the onset of the breaking 

process, g is acceleration due to gravity, h0 is still water depth, and  is the time-

averaged deviation of the free surface ( ) from h0 (also referred to as wave setup). 

When the condition in Eq. (2.5) is met, non-hydrostatic pressure terms are removed 

locally allowing for the development of a saw tooth waveform. The default value of 

 = 0.6 corresponds to a local wave front slope of roughly 25o. This wave breaking 

dissipation method applies to both sea-swell waves and infragravity waves where wave 

steepness exceeds the breaking threshold value per Eq. (2.5). 

Phase-averaged models use empirical (parametric) formulations to predict the 

rate of wave energy dissipation during the wave breaking process. These formulations 

generally include a method for estimating a probability distribution for the fraction of 

waves that are breaking (Qbr) and apply an energy dissipation rate using a theory for 

idealized bores (Dbore) (Battjes and Janssen 1978; Roelvink 1993; Baldock et al. 1998b; 

Alsina and Baldock 2007; Apotsos et al. 2007)

parametric wave breaking formulations. Though there are numerous parametric wave 

breaking models available, we choose to focus on the most highly used wave breaking 

formulation for each model. 

SWAN (by default) uses the Battjes and Janssen (1978) formulation (herein 

after BJ78). BJ78 calculates the mean energy dissipation rate per unit horizontal area 

due to depth-limited wave breaking (Dbr) as: 

,br bore brD D Q (2.6) 

where Dbore is the energy dissipation rate of an idealized individual breaking wave and 

Qbr is the time-averaged fraction of breaking or broken waves. Dbore is calculated as: 

2

4
,1

bore mean maxD gf BH  (2.7) 

where fmean is the mean wave frequency, B is an empirical breaking intensity coefficient 

(by default B=1), and Hmax is the maximum possible individual wave height in a total 

local water depth. Hmax is calculated as: 

0 ,maxH h   (2.8) 

where is an empirical “breaker parameter”. While  is theoretically related to the 
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maximum wave height to water depth ratio 0/ ( )maxH h , in practice it is usually

used as a model tuning parameter. 

The time-averaged fraction of breaking waves Qbr varies between 0 to 1, with 0 

representing no breaking and 1 representing complete breaking. In BJ78 Qbr is 

estimated from a Rayleigh wave height distribution truncated at Hmax as: 

2

1 8 ,
ln

br

br max

Q E
Q H

(2.9) 

where E is the total wave energy variance. 

pation 

formulation of Roelvink (1993) (herein after R93) to model sea-swell wave breaking 

dissipation. Energy dissipation due to wave breaking Dbr is calculated in the same 

manner as in Eq. (2.6) but with Dbore calculated as: 

,2
, '

0

1 ,
4

rms SS
bore rep rms SS

H
D gf BH

h
 (2.10) 

where frep is a representative frequency, B is the breaking intensity coefficient (by 

default B=1), Hrms,SS is the root mean square (rms) wave height in the SS frequency 

band, and  is the water level deviation from h0 on the time-scale of individual wave 

groups. The fraction of breaking waves is calculated as (Roelvink 1993): 

, 0tanh
1 , ,

n
rms SS

br max
max

H k h
Q exp H

H k
 (2.11) 

where n is a coefficient (n = 10 by default; see Roelvink (1993) for discussion) and k is 

the wave number. There are thus several key differences between BJ78 and R93, as they 

Dbore formulation is 

dependent on wave frequency and water depth, whereas the R93 Dbore formulation is 

dependent on wave frequency, as well as the local values of 2
,rms SSH  and 

, 0/ ( )rms SSH h f SS and IG waves Dbr is 

applied only to SS waves, however in SWAN Dbr is applied to the entire wave spectrum 

and distributed at a rate proportional to the wave energy variance at each frequency. 

using a shock-

capturing conservation scheme (Zijlema and Stelling 2008); however, by default 

-hydrostatic terms, eliminating the need for a metric to 

determine the onset of infragravity wave breaking. 
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2.3.2. Bottom stress 

Wave energy and momentum are dissipated due to bottom stresses, which is 

related to the turbulent vertical fluxes of horizontal momentum (Feddersen et al. 2003). 

Wave and current bottom stresses are commonly treated independently using quadratic 

bottom fri

each include a term for SS wave energy dissipation due to bottom roughness in the wave 

account for dissipation due to bottom roughness. Although bottom stress is known to be 

an important source of wave dissipation in coral reef environments (e.g., Lowe et al. 

2005b) in this paper we chose to focus mainly on wave breaking dissipation. 

Figure 2.1: Laboratory setup for the University of Michigan flume experiment 
(Demirbilek et al., 2007). 

2.4. Model application to a laboratory reef 

Laboratory experiments by Demirbilek et al. (2007) were used to assess the 

performance of each of the numerical models. The laboratory study, conducted in a 

wind-wave flume at the University of Michigan, consisted of 29 tests conditions carried 

out on a 1:64 scale model of a fringing reef type profile typical of the southeast coast of 

Guam (Figure 2.1). The flume was 35 m long, 0.7 m wide and 1.6 m high, with smooth 

side walls and a smooth plastic bed. With the geometric scaling factor of 1:64, the 

flume length corresponds to a transect length of 2.24 km in the field. The fringing reef 

profile consisted of a composite slope with a 1:10.6 fore reef slope, a 4.8m (~300 m 

field scale) long horizontal reef flat, and a 1:12 sloping beach (Figure 2.1). The duration 

of simulations was 900 s (2 hours field scale with 1:8 Froude scaling of time) with the 

final 800 s used in the analysis. Water surface elevations were measured using eight 

capacitance type wave gauges with a sampling frequency of 20 Hz (2.5 Hz field scale). 

Irregular waves based on a JONSWAP (Hasselmann et al. 1980) spectrum (peak 

enhancement factor 3.3) were generated with a wedge type wave maker with significant 
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wave heights up to 10 cm (6.4 m field scale) and peak periods from 1.0 to 2.5 s (8 to 

20 s field scale). The still water depth over the reef flat (h0,r) was also varied. A 

summary of the conditions during the 29 test conditions are included in Table 2.2 (first 

column; Table 2.2). 

Simulations were initially performed using “recommended” model coefficient 

values (hereafter referred to as “untuned” simulations) as documented for each model. 

This provides an estimate of the errors expected in the application of an untuned model. 

Testing the untuned models is crucial as in many cases limited or no calibration data is 

available, and in practice untuned models are frequently relied upon to provide 

predictive skill. This testing is particularly important in enviroments, including reefs, 

which differ from the environments used to establishing the “default” untuned wave 

breaking parameters. The key depth-limited wave breaking parameter for each model (  

in SWASH and  in both was then systematically varied over a 

full range of physically-reasonable values in order to determine the optimal values for 

each test condition. Extensive testing of the key wave breaking parameter within each 

model gives insight into each model’s response to the free parameter allowing the 

sensitivity, tune-ability, and appropriate values to be assessed. 

2.4.1. Model setup 

Numerical simulations were performed with each model configured in a one-

dimensional mode using a uniform horizontal grid size of 0.02 m with a minimum 

threshold water depth of 0.005 m. 

durations of 900 s, with a time step determined by imposing a maximum Courant 

number of 0.5. SWAN simulations were performed in a stationary mode. All models 

were forced on the offshore boundary with a wave energy spectra derived for each test 

condition from the measured water level time series at the offshore gauges (Gauges 1-3; 

Figure 2.1). Directional filtering of the offshore water level gauges was performed, 

using a three point method (Mansard and Funke 1980), to remove offshore directed 

wave energy. To simulate the smooth plastic bed of the flume a dimensionless bottom 

drag coefficient of Cd = 0.001 was used for . This low 

Cd value had a negligible contribution to the overall wave dissipation, which was 

overwhelmingly dominated by wave breaking. The wave action equations for SWAN 

SS wave friction in the simulations. This is also consistent with Filipot and Cheung 

(2012), who neglect wave friction when applying SWAN to the same dataset. 
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Following Zijlema (2012), SWASH was run with the discrete upwind 

momentum-conservative advection scheme. Although, SWASH can be configured with 

multiple vertical layers here only a single vertical layer is implemented. Depth-limited 

wave breaking was accounted for with the onset of breaking controlled by  = 0.6 in the 

untuned case. The coefficient  was varied from 0.1 to 5.0 in increments of 0.01 in the 

sensitivity analysis. Water level time series output from the model were then exported at 

the gauge locations at 20 Hz. 

SWAN was run in a stationary mode with triad interactions and frequency shifts 

activated, wave setup activated, and white capping deactivated. The simulations were 

performed with 36 directional bins from 0 to 360o, and 42 logarithmically distributed 

frequency bins from 0.01 to 10 Hz. Depth-limited wave breaking was modeled using 

the BJ78 formulation with the default  = 0.73 for the untuned case. However,  was 

varied from 0.1 to 1.2 in increments of 0.01 in the sensitivity analysis. One-dimensional 

wave energy spectra were exported from SWAN at the gauge locations. 

Depth- ing the R93 

formulation with the default  = 0.55 for the untuned case. Like SWAN,  was varied 

from 0.1 to 1.2 in increments of 0.01 for the sensitivity analysis. 

includes a roller energy balance; this was activated in the current study with the default 

D (roller face slope) value of 0.1 (Reniers and Battjes 1997). Water level time series 

were exported at the gauge locations at 20 Hz. 

2.4.2. Data processing and performance metrics 

Measured and simulated water level time series were used to compute one 

dimensional wave energy spectra C  ( f ) using the Welch's averaged, modified 

periodogram method with a Hanning window and a segment length of 29 samples 

(~26 s). The SS rms wave height (Hrms,SS) was calculated as: 

, 8  ,
l

rms ss
f

H C df  (2.12) 

where fl is the boundary between SS and IG frequency bands. In agreement with 

Sheremet et al. (2011) and others, fl was taken as half the peak forcing frequency of each 

simulation (i.e. fl = 0.5fp). SS band and 

does not model the SS spectra, thus the mean Hrms,SS 

from the model. Likewise, for IG rms wave height (Hrms,IG ) was calculated as: 

, 
0

8  .
lf

rms IGH C df  (2.13) 



Chapter 2 Evaluation of nearshore wave models in steep reef environments 41 

Following Apotsos et al. (2008), model performance was quantified using the weighted 

rms percent error metric (WRPE), defined as: 

2

*   *100%, wheren n
n

n n

obs predWRPE weight
obs

(2.14) 

1 1 ,n n
n

tot

dist distweight
dist

(2.15) 

where n is the gauge number, obs and pred are the observed and predicted values, 

respectively, dist is the distance between gauges, and disttot is the total distance between 

all gauges. WRPE was calculated for Hrms,SS, Hrms,IG, and , denoted WRPE SS, WRPE 

IG, and  WRPE , respectively. Offshore gauges used for the model boundary forcing 

condition were excluded from this analysis and hence only Gauges 5-9 (Figure 2.1) 

were used in the calculation. Model tuning was assessed using WRPE SS rather than a 

combination of WRPE SS and WRPE IG, given that depth-limited wave breaking occurs 

primarily in the SS frequency band through the surf zone and wave breaking 

formulations have been developed primarily to predict SS decay in the surf zone. The 

percent error reduction that can be achieved with model tuning was also estimated using 

the Brier Skill Score (BSS) (Murphy and Epstein 1989; Ruessink et al. 2003; Apotsos et 

al. 2008): 

1 *100%.tuned

untuned

WRPEBSS
WRPE

 (2.16) 

We define BSS SS, BSS IG, and BSS  as the BSS based on WRPE SS, WRPE IG, and 

WRPE , respectively. 
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Figure 2.2: (A) Normalized wave energy spectrum (normalized by maximum spectral 
density at each location) and (B) rms wave heights for sea-swell (Hrms,SS) and 
infragravity (Hrms,IG) waves across (C) the reef profile for Test no. 35 (Hrms,SS = 0.032 m; 
Tp = 1.42 s; h0,r = 0.00 m). 
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2.5. Results 

2.5.1. Test no. 35 

The laboratory observations showed a rapid dissipation of SS energy near the 

reef crest, an increase in the proportion of IG energy over the reef flat, and wave setup 

across the reef. Figure 2.2 shows an example of this observed wave transformation for 

Test no. 35 (Hrms,ss = 0.032 m (2.0 m field scale); Tp = 1.42 s (11 s field scale); 

h0,r = 0.00 m (0.0 m field scale), which had an intermediate wave height and period. 

Test no. 35 also had its still water level located at the elevation of the reef flat, which 

should provide a challenge for the models. Test no. 35 is used throughout this paper to 

highlight many of the common features of the broader set of Test conditions. Wave 

breaking near the reef crest resulted in the largest dissipation of SS and IG energy 

between Gauges 6 (x = -0.57 m) and 7 (x = 0.010 m) (Figure 2.2). Offshore of the reef 

crest (x < 0 m) the majority of the incident wave energy is in the SS frequencies as 

expected (Figure 2.2 A). Between Gauges 6 and 7 the majority of wave breaking occurs 

with the strong dissipation of SS energy resulting in an increasing proportion of IG 

energy. The proportion of IG to SS energy further increases on the reef flat, with Hrms,SS

and Hrms,IG becoming roughly equal magnitude over most of the reef flat (Figure 2.2 

A,B).  

Figure 2.3: Measured and predicted Hrms,SS, Hrms,IG, and  across the fringing reef 
profile for Test no. 35 (Hrms,SS = 0.032 m; Tp = 1.42 s; h0,r = 0.00 m). Model predictions 
are shown with untuned (left column) and tuned (right column) breaking parameters. 
The reef profile is shown on the bottom row. 
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With untuned wave breaking parameters, SWASH (  = 0.6) and SWAN 

(  = 0.73) reproduced observed SS wave transformation well (Figure 2.3 

(  = 0.55) slightly over predicted Hrms,SS on the reef flat (Figure 2.3 A). For this Test no. 

35, tuning   value of 0.33 (untuned 

 = 0.55), which corrected the over prediction of Hrms,SS on the reef flat and reduced the 

WRPE SS by 85% (Figure 2.3 A,E; Table 2.2

in an underestimate of Hrms,SS at Gauges 5 and 6 (Figure 2.3 E). Conversely, tuning 

SWAN gave a greater than default optimal  value of 0.85 (untuned  = 0.73) with a 

WRPE SS reduction of 72% (Table 2.2). Tuning SWASH gave a much greater optimal  

value of 3.21 compared to the untuned value of  = 0.6, with a WRPE SS reduction of 

91% (Table 2.2).  

For Test no. 35 (Hrms,ss = 0.032 m; Tp = 1.42 s; h0,r = 0.00 m) model performance 

in predicting the IG wave transformation was more varied (Figure 2.3 B,F). SWASH 

IG development across the reef relatively well using 

the untuned breaking parameters; however SWAN greatly under predicted IG energy 

across the reef profile, and showed nearly complete dissipation of IG energy on the reef 

flat (Figure 2.3 B,F). 

When the key wave breaking parameters were tuned to minimize WRPE SS, this 

had varying effects on the accuracy of the IG prediction in both models (BSS IG; Table 

2.2). For SWASH, tuning  to optimize the Hrms,ss prediction resulted in a drastic 

decrease in the accuracy of the IG wave predictions (BSS IG = -115%; Table 2.2). 

 reduced the over prediction of Hrms,IG on top of the reef 

and improved the IG prediction (BSS IG = 28%; Table 2.2). SWAN showed negligible 

improvement in the Hrms,IG prediction with tuning(BSS IG=1%; Table 2.2). 

Wave setup  over the reef profile was well-

Test no. 35 using the untuned breaking parameters, but was under predicted using 

SWAN (Figure 2.3 C). These predictions were slightly improved when tuning the 

breaking parameters (Figure 2.3 G; Table 2.2). 
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Figure 2.4: Measured and predicted wave energy spectra at Gauge 6 (shoaling region; 
left column) and Gauge 8 (reef flat; right column) for Test no. 35 (Hrms,SS = 0.032 m; 
Tp = 1.42 s; h0,r = 0.00 m). Model predictions with untuned (upper row) and tuned 
(lower row) breaking parameters are shown for SWASH (blue line), SWAN (red line), 

green line). The peak forcing frequency (vertical solid black line) and the 
SS-IG frequency cut-
simulates SS waves using a single representative frequency, so it is only possible to 
compare the low-  

Measured and predicted wave spectra are shown for Test no. 35 for two sites: 

the shoaling region (Gauge 6; Figure 2.4 A,C) and on the reef flat (Gauge 8; Figure 2.4 

B,D). At Gauge 6 the majority of the energy was in the SS band, centered on peak 

forcing frequency (indicated by the vertical black line; Figure 2.4 A,C). Measured wave 

energy in the IG band was relatively constant between these two gauges. Directional 

(i.e., shoreward versus seaward) analysis of the offshore water level showed that a 

significant proportion of IG energy was propagating offshore. SWASH and SWAN 

accurately predicted the distribution of SS energy in the shoaling region (Gauge 6; 

Figure 2.4 A,C) and the dissipation of SS energy on the reef flat (Gauge 8; Figure 2.4 

SS using a single representative frequency, so it is 

only possible to compare the low-  
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Figure 2.5: Comparison of the untuned model predictions with the observations of: 
Hrms,SS (first row), Hrms,IG (second row), and  (third row). Measured values are given 
on the x-axis and simulation results are given on the y-axis for SWASH (first column), 

lines) and 50% error bounds (dashed black lines) are given for reference. Point colors 
correspond to gauge locations as given in the legend. Stars are used to highlight Test no. 
35.
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Figure 2.6: Comparison of the tuned model predictions with the observations of: Hrms,SS
(first row), Hrms,IG (second row), and  (third row). Measured values are given on the x-
axis and simulation results are given on the y-axis for SWASH (first column), SWAN 

and 50% error bounds (dashed black lines) are given for reference. Point colors 
correspond to gauge locations as given in the legend. Stars are used to highlight Test no. 
35. 

2.5.2. Summary of all Test conditions 

parameters provided reasonable agreement with the measured wave heights (both Hrms,SS 

and Hrms,IG) and  for all 29 conditions (Figure 2.5). SWAN accurately predicted 

Hrms,SS, but failed to predict Hrms,IG (Figure 2.5, middle row). Predicted  for SWAN 

showed considerably Figure 2.5, bottom row). 

For all three models, the accuracy of Hrms,SS predictions were improved by tuning the 

wave breaking parameters (Table 2.2; Figure 2.6). The maximum WRPE SS for all of 

the untuned models and all Test cases was 92%, but with tuning the maximum 

WRPE SS was reduced to <17% (Table 2.2; Figure 2.7). Predictions of Hrms,SS were 
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Figure 2.7). Tuning the breaking 

parameters to minimize WRPE SS, gave mixed results in terms of the accuracy of both 

the Hrms,IG and  predictions with some tests showing an improvement and others 

showing a substantial decrease in accuracy (Figure 2.7). 

Figure 2.7: Comparison of untuned (x-axis) and tuned (y-axis) WRPE SS, WRPE IG, 
and WRPE  
is shown as the solid black line. Points above the 1:1 line are test conditions were the 
tuned model was less accurate than the untuned model; points below the 1:1 line are test 
conditions were the tuned model was more accurate than the untuned model. Stars are 
used to highlight Test no. 35. Note the scale change for  WRPE . 

2.6. Discussion 

The key wave breaking parameters in SWASH ( ), SWAN ( ) 

have some physical basis, but in practice are mainly used as free parameters utilized to 

calibrate wave models. 

2.6.1. The role of in SWASH 

The  breaking parameter within the shock-capturing scheme in SWASH 

controls the onset of breaking when the criteria given by Eq. (2.5) 

0 / t g h  is satisfied. Given that  / t  is kinematically related to the 

slope of the free surface  / x  for a progressive wave, higher values of  increase the 

threshold surface slope for the on-set of wave breaking, thus allowing for steeper wave 

faces prior to wave breaking and moving the break point shoreward. In general 

increasing allows for a larger wave height to develop prior to breaking, and in our 

case increases the maximum breaking dissipation (dissipation between Gauges 6 and 7), 

but decreases the width of the surf zone thereby increasing , 0/ ( )rms SSH h  on the reef 

flat. Optimal  values averaged 1.5, considerably higher than the untuned value of 0.6 

(Table 2.2), implying that the wave face prior to breaking was steeper (~55o) than the 

default value of  = 0.6 (~25o). This is physically consistent with the occurrence of 

plunging breakers on the steep forereef slope, although no detailed data to confirm 

breaking slope (e.g., from video imagery) are available in the Demirbilek et al. (2007) 
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study. The laboratory study of Ting and Kirby (1994) confirms that as expected  / t

is greater for plunging waves than spilling waves. 

Figure 2.8: Observed , 0/ ( )rms SS hH  and dissipation (as expressed by FSS,8/FSS,0 where 
FSS,8 and FSS,0 are SS wave energy flux on the reef flat (Gauge 8) and deep water 
respectively) versus the non-linearity parameter (Fc0) (see Section 2.6.3 for a definition 
and discussion of Fc0). Stars are used to highlight Test no. 35. 

2.6.2. The role of the breaker parameter (XBeach and SWAN) 

The breaker parameter  describes the maximum stable wave height to water 

depth ratio ( 0( )/maxH h ), however optimal  values were found to differ in 

the direction in which these parameters had to be tuned to generate optimal results. As 

seen in Figure 2.8 A (see Section 2.6.3 for a definition and discussion of Fc0), the 

measured values of , 0/ ( )rms SSH h  vary widely across the reef profile; for example 

for Test no. 35 values reach 1.6 at Gauge 7 and 0.34 at Gauge 8. As a consequence a 

breaking formulation showed that lower  values relative to the default (untuned) value 

were optimal; i.e., the average optimal  for these test conditions was  = 0.33 versus 

 = 0.55 for the untuned case (Table 2.2

tuned value of  ~0.70 (untuned  = 0.73) was found for SWAN using BJ78, roughly 

equal to the untuned value. Importantly, in both R93 and BJ78 has a clear physical 

definition as , 0/ ( )rms SSH h ; hence, optimal  values should ideally not differ among 

different parametric wave breaking dissipation formulations. 
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Figure 2.9: Tuned  values for SWASH (top row) and tuned  values for SWAN 
S0, 

Hrms0,SS, and 0, 0,/ ( )rms SS rH h . The Battjes and Stive (1985) (BS) and the Nairn (1990) 
(NA) S0 dependent  formulations are shown in (A). The Apotsos et al. (2008) Hrms0,SS 
dependent  formulation for BJ78 (SWAN) is shown in (B) for laboratory scale and field 
scale (1:64 geometric scaling). 

In SWAN the dissipation of an individual wave, Dbore is proportional to Hmax
2

(Eq. (2.7)) and hence through Eq. (2.8) is proportional to 2. This is not the case for 

Dbore is proportional to 3
, 0/rms SSH h  and hence dependent on the 

local (not maximum) wave height per Eq. (2.10). These deviations in the formulations 

are the result of assumptions made in their derivation. Both BJ78 and R93 model 

formulation begin with:

, andborebr brD D Q (2.17) 

2

0

1 ,
4bore

HD gfBH
h

(2.18) 

where H is a representative local wave height. But BJ78 then assumes that 0/ ( )H h  

is roughly 1 and thus neglects the term; H is assumed to be Hmax yielding Eq. (2.7). R93 
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assumes H to be equivalent to Hrms,SS yielding Eq. (2.10). These seemingly minor 

differences in assumptions lead to divergence of the model predictions and are believed 

to be the main source in the difference in default and tuned  values between the SWAN 

Hmax and Qbr formulations also differ between the two models. Notably 

Qbr in R93 increases more rapidly than BJ78 as , 0/ ( )rms SSH h  approaches . When 

increasing  in either model this results in shoreward shift of the break point and an 

increase in , 0/ ( )rms SSH h  on the reef flat. In SWAN increasing  also results in a 2

increase in Dbore (assuming  remains constant). The breaking dissipation rate Dbore can 

be thought of as the maximum dissipation rate (with Qbr = 1 or 100% wave breaking 

Dbr = Dbore). In SWAN the maximum dissipation rate can be tuned by changing , 

. 

Figure 2.10: Error in Hrms,SS predictions (WRPE SS shown with color bands) for 
SWASH as a function of Fc0 and . Individual color bands give WRPE SS for a given 
test condition and . Yellow dots give the optimum  for each test condition. The yellow 
star is the optimum  for Test no. 35 (Hrms,SS = 0.032 m; Tp = 1.42 s; h0,r = 0.00 m). 

Test no. 35 provides an example of this difference in response to  in SWAN and 

  values 

Hrms,SS on the reef flat than SWAN and over predicts wave 

height over the reef flat (Figure 2.3 A). This over prediction of Hrms,SS on the reef flat by 

h was also observed in most Test cases for the untuned simulations (Figure 

2.5 G). To correct this over prediction, a much lower than default  is needed (Table 

2.2). Lowering  results in a seaward shift of the break point and a broadening of the 

surf zone, thus under estimating the dissipation between Gauges 6 and 7 but better 

matching Hrms,SS across the reef flat (Figure 2.3 E). This under estimate in dissipation, 

hence reducing the local radiation stress gradient, leads to a slight under estimate of  

at Gauge 7 (Figure 2.3 G). This can also be observed at Gauge 7 for all Test cases in 
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Figure 2.6 I (green points below the 1:1 line). With the lower  broadening the surf 

zone, dissipation continues between Gauges 7 and 8 and the overestimate in Hrms,SS and 

under estimate of  are corrected (Figure 2.3 E,G for Test no. 35 and Figure 2.6 G,I for 

all Test cases). 

2.6.3. Prediction of and  

Ideally, optimal and  values would be related to test conditions through a non- 

dimensional parameter. For both laboratory and field data, obtained on plane and barred 

beach environments, Battjes and Stive (1985) (herein after BS) found optimal  values 

to be weakly dependent on offshore wave steepness (S0), with given by: 

00.5 0.4 tanh 33 .S (2.19) 

Nairn (1990) (herein after NA) modified the empirical coefficient in BS, with given 

by: 

00.39 0.56 tanh 33 .S (2.20) 

The NA formulation has subsequently been adopted for application to steep beaches by 

Baldock et al. (1998a) and Janssen and Battjes (2007). In a review of existing predictive 

 formulations, Apotsos et al. (2008) instead found that optimal  values for field 

observations, on mild-sloping beaches, were dependent on the offshore wave height 

(Hrms0,SS) and varied between wave breaking formulations. Apotsos et al. (2008) (herein 

after AP) developed a universal empirical relationship between and Hrms0,SS, with the 

general form: 

1 2 3 0,tanh ,rms SSc c c H (2.21) 

where c1, c2, and c3 are empirical coefficients fitted to observations. From an extensive 

review of field observations on sandy beaches, Apotsos et al. (2008) gives c1 = 0.30, 

c2 = 0.45, and c3 = 0.90 m 1 for BJ78; R93 was not included in Apotsos et al. (2008). 

The dimensional dependence of AP would imply that contrary to conventional thinking 

 could differ between laboratory and field measurements. On fringing reef profiles 

measured values at the break point have been related to the non-dimensional relative 

water depth 0, 0,/( )r rms SSh H  (see Yao et al. (2012b) and references therein). 

For the steep-slope Demirbilek et al. (2007) dataset we do not find a clear 

dependence of the optimal and  values on S0 (Figure 2.9) in contrast to the findings 

of Battjes and Stive (1985) and Nairn (1990). There does however appear to be a 

general trend of increasing optimal and  values with 0, 0,/ ( )rms SS rH h  (as well as 

with Hrms0,SS Figure 2.9). 
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Figure 2.11: Error in Hrms,SS predictions (WRPE SS shown with color bands) for (A) 
as a function of Fc0 (x-axis) and  (y-axis). Individual color 

bands give WRPE SS for a given test condition and . Yellow dots give the optimum  
for each test condition. The yellow star is the optimum  for Test no. 35 
(Hrms,SS = 0.032 m; Tp = 1.42 s; h0,r = 0.00 m). 

The intensity of wave breaking has been related to the non-linearity parameter, 

Fc0 (Gourlay 1994; Nelson 1994; Massel and Gourlay 2000; Sheremet et al. 2011): 
1.25 0.5 2.5

0
0 1.75 ,rms p

c
r

g H T
F

h
(2.22) 

where Tp is the peak wave period. Based on field and laboratory data from reef profiles 

with near horizontal reef flats, Nelson (1994) and Gourlay (1994) proposed that Fc0 was 

suitable parameter for classifying relative wave shape and wave transformation. From 

observations, Figure 2.8 shows that , 0,/ ( )rms SS rH h  increases with Fc0 for wave 

gauges on the fore reef (Gauge 6) and reef flat (Gauges 7 and 8). Relative wave 

breaking dissipation (as expressed by the energy flux ratio FSS,8/FSS,0 where FSS,8 and 

FSS,0 are the SS wave energy flux on the reef flat (Gauge 8) and offshore, respectively) 

generally increased with increased Fc0. 

Optimal  values for SWASH and  values for SWAN generally increase 

(though with some notable exceptions) with Fc0 (Figure 2.10 and Figure 2.11). In 
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contrast, optimal  

of test conditions (Figure 2.11). Figure 2.10 and Figure 2.11 show the WRPE SS error 

metric as a function of each model’s key wave breaking parameter and Fc0, with optimal 

values of  and  shown with points. For Fc0 < 1 x 104 SWASH had high WRPE SS 

errors for large values of . As Fc0 increased in the 3 x 102 to 1 x 104 range the values of 

which predicted high WRPE SS errors increased. For Fc0 > 1 x 104 SWASH generally 

showed less sensitivity to values. With the exception of three test conditions, optimal 

values for SWASH increased with Fc0. Test no. 30, 31, and most notably 38 give 

lower than default optimal (0.20, 0.18, and 0.39 respectively; Table 2.2). In these 

three scenarios the default resulted in an over prediction of Hrms,SS at gauges on the 

reef flat, lower values were required to reduce Hrms,SS on the reef flat. It is however 

unclear why the over prediction with the untuned exists for these three scenarios, as 

the scenarios fit the general trend of increasing , 0/ ( )rms SSH h with Fc0 (Figure 2.8 A) 

and increased dissipation with Fc0 (Figure 2.8 B). Overall, as depicted in Figure 2.5, we 

must emphasize that the SWASH results with the untuned  = 0.6 still agree well with 

measurements, but further improvement was possible by this tuning of  (Table 2.2; 

Figure 2.7). 

Over the range of Fc0 values, for  from 0.2 to 1 

contrasting regions of high WRPE SS (Figure 2.11). SWAN predictions gave high 

WRPE SS for  < WRPE SS for  > ~0.5 

(Figure 2.11). Also SWAN predictions showed a general increase in optimal  values 

with Fc0

 values and response to Fc0 eved to be due to 

differences in the breaking formulation discussed in Section 2.6.2. 

2.7. Conclusions 

In this test of three commonly used wave models (SWASH, SWAN, and 

SS wave height variations across a 

steep fringing reef profile with reasonable accuracy (Figure 2.5 A,D,G and Figure 2.7 

A). Nevertheless, with tuning of the wave breaking parameters (  in SWASH and  in 

substantially (Table 2.2; Figure 2.6 A,D,G; Figure 2.7 

predicted IG wave height (Figure 2.5 B,H; Figure 2.6 B,H; Figure 2.7 B) and spectral 

transformation into lower frequencies (Figure 2.4), albeit with higher error than for the 

SS waves. Although SWAN was capable of accurately modeling the SS wave heights, in 
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its current form it was not able to accurately model the observed spectral transformation 

into lower frequencies, as evident in the under prediction of IG waves across the reef 

flat (Figure 2.3-Figure 2.7). Recently Sheremet et al. (2011) showed that it is possible to 

accurately model spectral transformation (including IG waves) using a nonlinear 

spectral wave model with direct nonlinear triad interaction and frequency dependent 

wave breaking. Spectral transformation in SWAN may thus be improved by adopting 

some of the formulations found in Sheremet et al. (2011). The skill of either SWAN or 

dissipation formula or implementing a spatially variable  formulation (e.g., van der 

Westhuysen 2010). Furthermore comparative testing needs to be conducted to look at 

other reef geometries and test cases that include larger more realistic bottom roughness. 

The accuracy of predictions of other metrics (e.g., skewness and asymmetry of velocity 

and acceleration), not just wave height, that are also important for predicting wave 

driven currents and sediment transport should also be further investigated. 
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Table 2.2: Summary of the 29 test conditions, tuned values of the key breaking 

model tuning (BSS). Negative values of BSS indicate a decrease in the accuracy of the 
tuned model predictions relative to the untuned model predictions. 

SWASH SWAN  

Test 
no. 

Hrms,SS 
[m] 

Tp 
[s] 

h0,r 
[m] 

Fc0 
[-] 

Tuned 
 

[-] 

BSS 
SS 

BSS 
IG 

BSS 
 

Tuned 
 

[-] 

BSS 
SS 

BSS 
IG 

BSS 
  

Tuned 
 

[-] 

BSS 
SS 

BSS 
IG 

BSS 
 

[%] [%] [%] [%] [%] [%] [%] [%] [%] 
15 0.04 1.0 0.05 4.8E+02 0.6 0 0 0 0.7 81 13 21 0.36 85 -47 -8 

16 0.04 1.4 0.05 1.2E+03 0.85 57 -35 -5 0.64 82 -2 92 0.33 91 57 19 

17 0.06 1.4 0.05 1.4E+03 1.19 57 -22 3 0.65 43 -1 19 0.35 83 -26 -14 

18 0.06 2.0 0.05 2.7E+03 1.15 74 50 -19 0.64 21 0 -105 0.34 83 20 -13 

19 0.06 2.6 0.05 4.6E+03 1.9 77 31 -32 0.71 49 0 -27 0.33 76 42 -19 

20 0.04 1.2 0.05 8.3E+02 0.9 67 33 -7 0.66 85 -3 92 0.35 89 -105 17 

21 0.06 1.8 0.05 2.0E+03 1.09 83 -8 -9 0.73 0 0 0 0.33 85 28 -6 

26 0.04 1.0 0.02 2.0E+03 0.61 11 44 -26 0.63 30 -1 -9 0.24 85 -206 -136 

27 0.04 1.2 0.02 3.1E+03 0.8 16 -5 -5 0.68 10 0 -2 0.27 84 -159 -71 

28 0.03 1.4 0.02 4.7E+03 1 1 3 8 0.68 81 -2 43 0.27 84 -15 -47 

29 0.05 1.5 0.02 4.4E+03 0.7 14 -4 -6 0.7 65 -1 66 0.34 76 -208 -68 

30 0.05 1.8 0.02 6.2E+03 0.2 28 6 -8 0.65 75 -1 82 0.29 81 61 -111 

31 0.06 2.0 0.02 8.1E+03 0.18 35 0 48 0.72 13 0 -36 0.35 76 59 27 

32 0.06 2.6 0.02 1.3E+04 2.18 60 23 -152 0.69 4 0 -141 0.3 68 72 46 

33 0.04 1.0 0.00 1.1E+04 2.5 44 -16 3 0.92 78 1 51 0.35 80 -68 -43 

34 0.03 1.4 0.00 1.8E+04 3.24 87 -249 16 0.79 65 1 18 0.34 88 44 -3 

35 0.03 1.4 0.00 1.8E+04 3.21 91 -115 15 0.85 72 1 40 0.33 85 28 2 

36 0.05 1.5 0.00 1.3E+04 3.46 83 66 -59 0.85 44 0 42 0.35 83 -118 -175 

37 0.05 1.8 0.00 1.7E+04 2.69 53 6 -372 0.83 59 0 12 0.33 84 70 66 

38 0.06 2.0 0.00 2.0E+04 0.39 38 6 21 0.71 10 0 -9 0.34 79 45 20 

39 0.05 2.6 0.00 3.0E+04 3.11 57 -19 -112 0.45 27 0 -1561 0.4 73 9 19 

44 0.02 1.0 0.03 2.5E+02 0.65 1 4 -1 0.61 28 -2 2 0.3 72 -69 7 

45 0.04 1.0 0.03 1.0E+03 1.15 18 5 -6 0.71 4 0 -12 0.34 75 -68 -9 

46 0.04 1.2 0.03 1.7E+03 1.36 33 -27 -5 0.65 61 -3 92 0.34 79 -103 -13 

47 0.04 1.4 0.03 2.5E+03 1.15 22 -27 0 0.66 58 -2 51 0.33 84 -3 5 

48 0.05 1.4 0.03 2.6E+03 1.28 44 -34 -3 0.65 27 -2 63 0.36 76 -272 -44 

57 0.05 1.8 0.03 3.6E+03 1.83 47 34 -20 0.75 15 0 3 0.35 85 0 -37 

58 0.06 2.0 0.03 5.0E+03 1.5 50 5 -73 0.72 52 0 44 0.37 81 16 -28 

59 0.06 2.6 0.03 8.1E+03 1.78 54 5 -20 0.72 18 0 7 0.35 74 61 -26 
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3. Dynamics of wave setup over a steeply-sloping fringing reef

3.1. Abstract 

High-resolution observations from a 55-m long wave flume were used to 

investigate the dynamics of wave setup over a steeply-sloping reef profile with a 

bathymetry analogous to many fringing coral reefs. Sixteen runs incorporating a wide 

range of offshore wave conditions and still water levels were conducted using a 1:36 

scaled fringing reef, with a 1:5 slope reef leading to a wide and shallow reef flat. Wave 

setdown and setup observations measured at seventeen locations across the fringing reef 

were compared with a theoretical balance between the local cross-shore pressure and 

wave radiation stress gradients. We found that when radiation stress gradients were 

calculated from observations of the radiation stress derived from linear wave theory, 

both wave setdown and setup were under predicted for the majority of wave and water 

level conditions tested. These under predictions were most pronounced for cases with 

larger wave heights and lower still water levels (i.e., cases with the greatest setdown 

and setup). Inaccuracies in the predicted setdown and setup were improved by including 

a wave roller model, which provides a correction to the kinetic energy predicted by 

linear wave theory for breaking waves and produces a spatial delay in the wave forcing 

that was consistent with the observations. 

3.2. Introduction 

Wave setup, or the increase in mean water level due to breaking waves, often 

represents a substantial portion of the total water depth over shallow coral reefs, and 

spatial gradients in setup are a primary driver of circulation (e.g., Monismith 2007; 

Lowe and Falter 2015). As a result, the accurate prediction of wave setup on reefs is 

crucial for predicting a wide range of coastal hazards, such as coastal inundation and 

erosion resulting from large storms (Sheppard et al. 2005; Vetter et al. 2010; Storlazzi et 

al. 2011; Baldock et al. 2014). 

 Predictions of wave setup in the surf zone are typically based on partitioning 

wave forces (e.g., radiation stress gradients) into either pressure gradients (associated 

with wave setup) or bottom stresses through conservation of the mean (wave-averaged) 

momentum (Longuet-Higgins and Stewart 1964). This theoretical balance is the 

foundation for most process-based nearshore hydrodynamic models. Wave forces in the 

surf zone are commonly approximated from linear wave theory, which assumes that 

waves are non-breaking and of a near constant form while propagating over an 
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effectively flat bed (Longuet-Higgins and Stewart 1962; Longuet-Higgins and Stewart 

1964). Despite the violation of these assumptions in the surf zone, on mildly-sloping 

beaches radiation stress gradients derived from linear wave theory have often balanced 

observed cross-shore pressure gradients (Battjes and Stive 1985; Lentz and 

Raubenheimer 1999). The assumptions of linear wave theory are more questionable 

when applied to plunging waves on steep-slope beaches and reefs. 

Despite the apparent misapplication of linear wave theory in these 

environments, models that predict wave forces using linear wave theory are still widely 

applied to steeply-sloping reefs, with many reporting that even simple models can 

accurately reproduce setup observations (Gourlay 1996a; Massel and Gourlay 2000; 

Becker et al. 2014; Buckley et al. 2014). However, in all of these studies the predicted 

setup was dependent on radiation stress gradients predicted using empirical or idealized 

models (rather than wave observations). Hence, the good agreement reported may be 

owing to the tuning of coefficients that may not necessarily be physically meaningful. 

For example, Buckley et al. (2014) reported that tuning the Simulating WAves 

Nearshore (SWAN) model (Booij et al. 1999) to best reproduce the observed wave 

height decay across a laboratory reef profile often resulted in a reduction in the accuracy 

of wave setup predictions, which indicates a fundamental breakdown in the theoretical 

relationship between the predicted radiation stress gradients and the observed wave 

setup. In general, the lack of detailed observational data on steeply-sloping reefs, 

particularly in the surf zone region, has made it very difficult to rigorously evaluate the 

theory used to predict wave transformation and wave setup. 

In this paper we investigate the theoretical balance between cross-shore pressure 

and radiation stress gradients using high-resolution laboratory observations across a 

steeply-sloping reef profile. In particular, we assess the ability of linear wave theory 

derived radiation stress gradients approximated from observations to reproduce the 

observed setup and setdown responses. However, we also examine the contribution of a 

wave roller (Svendsen 1984b; Reniers and Battjes 1997; Apotsos et al. 2007) as a 

means of including the high onshore directed surface velocities observed in the crests of 

breaking waves and associated turbulent bores (e.g., Govender et al. 2002). While this 

study specifically focuses on a representative fringing reef, our results are also relevant 

to understanding the mechanisms of wave setup generation by wave breaking on steep 

slopes more generally. The experiments were conducted in a 55-m long flume (1:36 

scale) with a 1:5 slope reef leading to a wide, shallow reef flat and sloping beach. 

Sixteen cases were simulated, spanning a wide range of offshore wave heights and still 
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water levels, over a smooth bed and then repeated with scaled bottom roughness. In this 

paper we focus on the smooth bed cases, to specifically focus on the surf zone processes 

that control the mean water level variability; a follow-up paper (Buckley et al. 2015b) 

will detail the effect of large bottom roughness. 

3.3. Background 

As our objective is to understand wave setup on a steep reef profile, we first 

outline the general theory and how it applies to our particular set of experiments.  

3.3.1. Cross-shore mean momentum equation 

For an along-shore uniform reef with normally incident waves, the wave-

averaged, depth-integrated cross-shore (x-coordinate, positive shoreward from the reef 

crest) momentum equation can be written as (e.g., Mei 2005): 

22
0

0
0

1 ,
( )

xxT T
b

S hM M g h
t x h x x x

 (3.1) 

where the overbars denote time-averaging over many wave periods, MT is the depth-

integrated and time-averaged Lagrangian mass flux, t is time,  is density, g is the 

gravitational acceleration, h0 is still water depth,  is the time-averaged deviation of the 

free surface  from h0, Sxx is the cross-shore component of the radiation stress tensor, 

and b  is time-averaged bottom stress. In Eq. (3.1), we note that we have neglected two 

terms in the general form of the cross-shore momentum equation (see Mei 2005). A 

term containing the time-averaged dynamic pressure at the bottom, as it is considered to 

be of negligible magnitude compared to other terms included in Eq. (3.1), even on steep 

slopes (see Svendsen 2006 for discussion); and a depth-integrated viscous stress term 

that is negligible relative to the other terms at sufficiently high Reynolds numbers (i.e., 

O(103) >> 1 based on the wave orbital velocities in the present study)(Mei 2005). Due 

to the design of the experiment, further simplifications of Eq. (3.1) are possible. For all 

cases considered here, the system was in steady-state when averaged over many wave 

cycles (i.e., / 0t ) and the shoreline was impermeable, such that the depth-

integrated and time-averaged Lagrangian mass flux MT was zero; thus, eliminating all 

terms on the left hand side (LHS) of Eq. (3.1). For the particular set of experiments 

described here, where the bottom was composed of smooth marine plywood to 

minimize the role of bottom roughness on setup, b  was quantified to have a negligible 

effect on the closure of the mean momentum balance and the prediction of wave setup 
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(see Appendix A). Under these assumptions, Eq. (3.1) reduces to a dynamic balance 

between the radiation stress and pressure gradient terms: 

radiation stress pressure
gradient gradient

0( ) 0.xx hS g
x x

 (3.2) 

The approach used to evaluate Sxx is summarized briefly in Section 3.3.2. 

3.3.2. Radiation stresses 

The cross-shore component of the radiation stress tensor Sxx can be defined as 

(e.g., Mei 2005): 

0

0
2 2

momentum flux
total in the absence of waves
momentum flux

1 ( ) ,
2xx

h

S p u z gd h (3.3) 

where z is the vertical coordinate (positive upwards from h0), p (z) is pressure, and u (z) 

is defined as the deviation of the instantaneous velocity in the cross-shore direction 

from the depth- and time-averaged Lagrangian velocity. Typically when evaluating Eq. 

(3.3), all velocities other than wave orbital motion below  are neglected, the mean 

dynamic pressure below  is approximated as 2w  (where w  is the vertical 

component of the wave orbital velocity), and the mean dynamic pressure above  is 

approximated as being hydrostatic (Longuet-Higgins and Stewart 1964; Mei 2005; 

Svendsen 2006). These assumptions are violated for breaking waves, particularly 

plunging breakers (Battjes 1988); however, these assumptions are required for use in 

both practical numerical and analytical models based on Eq. (3.2). These assumptions, 

along with linear wave theory expressions for  and the wave orbital velocities u  and 

w  (where u  is the wave orbital velocity in the cross-shore direction), yield 

2 1
2

,g
xx

c
S

c
E  (3.4) 

where E is the wave energy density (defined below), cg is the wave group velocity, and 

c is the wave celerity. We note that Phillips (1977) derived an alternative Sxx to Eq. (3.4) 

 based on a slightly different decomposition of the wave orbital and mean current 

velocities; however, as noted by Svendsen (2006) and Smith (2006), differences with 

Eq. (3.4) are generally small (on order of the wave steepness to the fourth power; 

Svendsen 2006). 

From the experimental findings of Stive and Wind (1982), Govender et al. 

(2002), and Govender et al. (2009), as well as the three-dimensional fine-scale 
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numerical simulations of Torres-Freyermuth et al. (2007), it appears that the largest 

source of uncertainty in the evaluation of Sxx for surf zone waves arises from the 

evaluation of 2u , specifically the contribution of velocities in the crest of breaking 

waves that is neglected in Eq. (3.4). Due to the dependence of Sxx on wave energy 

density E, it is useful to show the general form of E, which is composed of both 

potential energy (PE) and kinetic energy (KE) as (e.g., Dean and Dalrymple 1991): 

0

22 2 1 .
2

1
2

PE
KE

h

E z gw du  (3.5) 

In linear wave theory and other non-breaking wave theories (e.g., cnoidal; Svendsen 

2006), both PE and KE are equal (e.g., Dean and Dalrymple 1991; Dean and Bender 

2006), allowing E to be approximated from observations of sea surface variance alone 

(a measure of PE, per the final term of Eq. (3.5)). However, the assumptions leading to 

PE KE  are explicitly violated under breaking waves (Svendsen 1984b; Battjes 1988). 

This can have important implications from the evaluation of radiation stress gradients in 

the surf zone. Wave roller theory, has been introduced to account for the additional 

source of KE for breaking waves and therefore as an additional contribution to Sxx. 

3.3.3. Wave roller theory 

Detailed Particle Image Velocimetry (PIV) measurements of plunging waves 

(Govender et al. 2002) have shown much larger velocities in the crest region relative to 

non-breaking waves. In the surf zone, this can locally result in KE > PE (e.g., Iwata and 

Tomita 1992). In wave roller theory (Duncan 1981; Svendsen 1984b), some fraction of 

a breaking wave is partitioned into a wave roller with increased KE and shoreward mass 

flux. The wave roller is modeled independently of Sxx (similar to the approach of 

Apotsos et al. 2007) and does not contribute to , but simply modifies KE resulting as 

an additional source of radiation stress Rxx according to (Svendsen 1984b) 

2 ,xx rR E  (3.6) 

where Er is the kinetic energy of the wave roller modeled using an approximate energy 

balance following Stive and De Vriend (1994), 

 2 ,r br tE c D c
x

(3.7) 

where Dbr is wave breaking dissipation and t  is the mean shear stress at the boundary 

between the turbulent wave roller and the underlying organized wave motion. 

Conceptually, wave roller theory implies that PE is initially transferred to KE during 
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wave breaking and KE is dissipated via shear stresses (i.e., momentum exchange). The 

mean shear stress t  is approximated as (Dally and Brown 1995): 

2

2 ,r
t D

gE
c

  (3.8) 

where D = sin r cos r is a dissipation coefficient that depends on the angle r of 

inclination of the boundary between the turbulent wave roller and the underlying 

organized wave motion (Dally and Brown 1995). This dissipation mechanism implies a 

slowly changing wave shape, i.e. a quasi- “steady” breaking process (Dally and Brown 

1995) that may not develop in the initial overturning stage of plunging wave breaking. 

However, the plunging distance, which is generally less than the breaking wave height 

(Bowen et al. 1968; Grilli et al. 1997), is very small relative to the total surf zone width 

such that steady bores are usually observed to develop even for initially plunging waves 

(Okayasu et al. 1986; Bonmarin 1989). Furthermore, despite the decrease in PE in the 

plunging region, pressure gradients have been found to be small (e.g., Bowen et al. 

1968) indicating that this region is less important for setup generation than the decrease 

in PE would suggest (Svendsen 1984b). Thus, with turbulent bores propagating over 

much of the total surf zone region, the basic assumptions of the wave roller dissipation 

model can still hold, although we evaluate this in detail using the observations below. 

3.4. Methods 

3.4.1. Experimental setup 

Experiments were performed in a 55-m long wave flume (Eastern Scheldt 

Flume) at Deltares, the Netherlands (Figure 3.1). The reef profile was constructed from 

marine plywood and had a 1:5 reef slope, a 14 m horizontal reef flat and a 1:12 beach 

(Figure 3.1). Based on the 1:36 geometric scaling assumed in this study, this represents 

a 500-m long reef flat in field (prototype) scale that is comparable to the global median 

coral reef flat length of 450 m reported by Falter et al. (2013). Published reef slopes 

vary from being relatively mild (e.g., ~1:60 Kaneohe Bay, Hawaii; Lowe et al. 2009b) 

to nearly vertical (e.g., Gourlay 1996a). A 1:5 slope was chosen to be representative of 

the steeper range of natural reef slopes, yet still well within the typical range.  
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Table 3.1: Simulated wave and water level conditions including the deep water rms 
wave height (Hrms,0), the peak period (Tp), the still water depth on the reef flat (h0,r), the 
deep water wave steepness (Hrms,0/L0), and the deep water surf similarity parameter ( 0). 
Parameter values are given for both the laboratory scale (1:36 geometric scaling and 1:6 
scaling of time) and the equivalent field scale. 

Lab scale Field scale 
Hrms,0 Tp  h0,r  Hrms,0 Tp  h0,r  Hrms,0/L0 0 

Run [m] [s] [m] [m] [s] [m] [-] [-] 
1 0.03 2.26 0.04 1.1 13.6 1.4 0.004 3.3
2 0.06 2.26 0.04 2.2 13.6 1.4 0.007 2.4
3 0.09 2.26 0.04 3.2 13.6 1.4 0.011 1.9
4 0.12 2.26 0.04 4.3 13.6 1.4 0.015 1.7
5 0.14 2.26 0.04 5.0 13.6 1.4 0.018 1.5
6 0.17 2.26 0.04 6.1 13.6 1.4 0.021 1.4
7 0.06 1.31 0.04 2.2 7.9 1.4 0.021 1.4
8 0.06 3.20 0.04 2.2 19.2 1.4 0.004 3.4
9 0.06 2.26 0.00 2.2 13.6 0.0 0.009 2.2
10 0.06 2.26 0.02 2.2 13.6 0.7 0.009 2.2
11 0.06 2.26 0.06 2.2 13.6 2.2 0.008 2.3
12 0.06 2.26 0.09 2.2 13.6 3.2 0.008 2.3
13 0.12 2.26 0.00 4.3 13.6 0.0 0.015 1.7
14 0.12 2.26 0.02 4.3 13.6 0.7 0.015 1.7
15 0.12 2.26 0.06 4.3 13.6 2.2 0.015 1.7
16 0.12 2.26 0.09 4.3 13.6 3.2 0.015 1.6

Waves were generated with a piston-type wave maker with second-order wave 

generation and active reflection compensation of any seaward-propagating waves 

reflected back to the wave maker from the reef slope and beach (van Dongeren et al. 

2002). Irregular waves were generated with a TMA type spectrum (Bouws et al. 1985). 

A total of sixteen runs were conducted with varying still water depths on the reef flat 

h0,r and offshore wave conditions (Table 3.1). Wave periods, and time scales in general, 

are scaled by matching the Froude number, which ensures that gravity forces are 

correctly scaled and yields a time scaling factor of 1:6. The surf similarity parameter 

0 ,0 0/ /  rmsH L  can provide an estimate of how waves should break on the reef

slope (Battjes 1974), where  = 1/5 is the reef slope, Hrms,0 is the deep water root mean 

square (rms) wave height 28( ) ,rmsH  and L0 is the deep water wave length. 

Waves in this study were typically plunging, as predicted by 0 (plunging regime of 

0.5  0  3.3) (Table 3.1) (Battjes 1974). 

Water levels were measured using resistance wave gauges (GHM, Deltares) 

sampling synchronously at 40 Hz at seventeen locations, with the highest density of 

measurements in the surf zone region near the reef crest at x = 0 m (Figure 3.1). 

Horizontal velocities were also measured synchronously at 40 Hz using electromagnetic 
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current meters (P-EMS, Deltares) at six locations collocated with wave gauges (Figure 

3.1). On the reef flat and reef slope, the GHMs and P-EMSs were recessed into the bed 

in order to be able to sample in the shallow depths (Eslami Arab et al. 2012); the P-

EMSs at these locations sampled velocity at a height 2 cm above the bed, with the 

sample volume extending 0.5 cm above the sensor. P-EMSs at other offshore locations 

sampled at approximately the middle of the water column. 

Figure 3.1: (A) Schematic of the fringing reef showing the reef slope (1:5), reef flat 
length (14 m; ~500 m field scale), beach slope (1:12), and instrument locations. 
“Directional” measurement sites have co-located water level and velocity 
measurements, whereas other “non-directional” sites have only water level 
measurements. Many of the subsequent figures will focus on the area in the vicinity of 
the reef crest (black box) where radiation stress gradients and pressure gradients were 
the largest. (B) An example of the wave setup profile ( ) in the vicinity of the reef 
crest for Run 4, defining the still water depth (h0) and the total water depth ( 0h ). 

3.4.2. Evaluation of the mean momentum equation 

Wave motions in the flume can in general be composed of both shoreward and 

seaward propagating components. As the evaluation of Sxx gradients is sensitive to the 

direction of wave propagation, a directional wave analysis was performed using a 

frequency domain algorithm (Appendix B), which required synchronous water level and 

velocity time series. This analysis yielded predictions of the shoreward (+) and seaward 

(-) propagating components of the instantaneous water level signal at instrument 

locations with co-located water level and velocity measurements (i.e., “directional” 

sites), other sites with only water level measurements are referred to as “non-
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directional” sites (Figure 3.1). Wave spectra C , as well as shoreward C  and seaward 

C components (at directional sites), were computed from water level measurements 

using Welch's modified periodogram method with a Hanning window and a segment 

length of 214 samples (410 s; 41 min in field scale). From C  the radiation stress Sxx for 

a frequency-spread (i.e., random) wave field can be approximated using linear wave 

theory as (Battjes 1972): 
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g
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c
g

c
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 where cg ( f ) and c ( f ) are the group and phase velocities, respectively, at frequency f. 

Eq. (3.9) is the equivalent spectral form of Eq. (3.4). As the evaluation of Eq. (3.9) 

requires directional information not available at all locations, directional information 

was interpolated to the non-directional sites using linear wave energy flux (i.e., 

F = cgE) of which the shoreward component of F+ is related to Sxx as: 
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The non-directional linear wave energy flux F was calculated at all instrument sites 

from C  as: 

.gF c Cg df  (3.11) 

The definition F+ = F - F- was used to evaluate F+ from the computed F (Eq. (3.11)) 

and the seaward component F-, which was computed at directional sites (via Eq. (3.11) 

using C  rather than C ) and then linearly interpolated to adjacent non-directional 

sites. The seaward component F- was used for the interpolation as it is independent of 

wave shoaling and less dependent on breaking dissipation than F+. Furthermore, in the 

evaluation of Eq. (3.10) and (3.11), we distinguished between “sea-swell” (SS) defined 

as f  fp/2, where fp is the peak forcing frequency of each wave case, and “infragravity” 

(IG) defined as 0.025  f < fp/2 components. This allowed Sxx to be evaluated at every 

instrument using Eq. (3.10) as: 

, ,
, ,

, ,

) )1 12 2 ,
)

( (
( ( ( () 2 ) ) 2

g SS mean g IG meanSS IG
xx xx SS xx IG

g SS S IGS mean g IG mean

f fF FS S
f f f

c c
S

c c fc c

(3.12) 

 where Sxx,SS and Sxx,IG are the SS and IG components of radiation stress, respectively, 

SSf  and IGf  are the mean frequencies for the SS and IG waves, respectively, and 
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 and SS IGF F  are the SS and IG components of the shoreward wave energy flux, 

respectively. The use of mean frequencies in Eq. (3.12)  (versus computing Sxx 

spectrally from Eq. (3.9)) introduces the assumption that SS and IG components were 

narrow banded (see Feddersen 2004 for discussion); however, comparisons with the full 

spectral integration Eq. (3.9) at directional sites showed minimal differences in the 

values of Sxx estimated from Eq. (3.12). 

The cross-shore gradients required to estimate the pressure and radiation stress 

gradients were evaluated by interpolating the observations of , fSS,mean, fIG,mean, SSF , 

and IGF  using a shape-preserving piecewise cubic algorithm onto a uniform 0.01 m grid 

extending from offshore (x = -2.0 m) to near the shoreline (x = 14 m). Over this domain, 

the cross-shore distance between wave gauges varied from 0.19 m in the surf zone to 

1.7 m on the reef flat (Figure 3.1). This spacing is equivalent to as low as ~1/40 of the 

incident wave length in the surf zone to ~1/4 on the reef flat. Cross-shore gradients were 

computed using central differencing and cross-shore integration was done using 

trapezoidal integration. At each grid location, Sxx was evaluated from fSS,mean, fIG,mean, 

SSF , and IGF  using Eq. (3.12). Similarly, Rxx was evaluated from fSS,mean, SSF , and IGF  

using Eq. (3.6)-(3.8) and a simple forward integration scheme. The growth term in the 

wave roller model Eq. (3.7) is equivalent to the breaking wave energy dissipation, 

calculated as ( ) /Sr IGb SFD xF . As the wave roller is predominantly associated 

with SS waves, wave celerity in Eq. (3.7) and (3.8) was taken as c(fSS,mean). In Section 

3.5.3, we evaluate how the results respond to different values of D (related to the wave 

roller slope) in the wave roller dissipation formula Eq. (3.8) and also compare these 

values with wave gauge estimates of the wave front inclination angle. In this study, 

D = 0.19 was found to be optimum (see Section 3.5.3) and is used by default 

throughout the paper. 

The cross-shore mean momentum balance Eq. (3.2) was rearranged and 

integrated in the cross-shore direction to give a “prediction” of the setup pred  across the 

reef as (e.g., Raubenheimer et al. 2001): 

0

0
0

( )1 ,
( )

x
xx xx

pred
predx

R
h

S dx x
g x

(3.13) 

where the integration is initialized at a seaward boundary x0 (x0 = -2 m in Figure 3.1) 

with the observed time-averaged water level 0x  ( 0 0x  if x0 is in deep water) 
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and evaluated iteratively. Eq. (3.13) was evaluated with Sxx and Rxx approximated from 

the interpolated observations and used to evaluate the skill of Sxx and Rxx to reproduce 

observations of .  Lastly, Eq. (3.2) was also used to provide an estimate of the 

radiation stress Sxx,eff required to balance the observed  as (e.g., Svendsen and Putrevu 

1993): 

0

, 0 00( ) ,
x

xx eff xx xx
x

S g dx S x R x
x

h  (3.14) 

where Sxx (x0) and Rxx (x0) are the initial values of Sxx and Rxx, respectively, at the 

offshore boundary of integration (Rxx (x0) = 0 if x0 is outside of the surf zone). 

3.4.3. Uncertainty estimation 

Measurement uncertainties for the GHM and P-EMS are small; calibration 

confirmed a maximum error of ± 0.5% of the measured range for water levels and 

± 0.01 m s-1 ± 1% of measured values for velocity (Deltares). At surf zone locations 

these instruments can be expected to be less accurate due to aeration of the water 

column during wave breaking (e.g., Stive and Wind 1982). By comparing similar wave 

gauges with video analysis, Stive and Wind (1982) give a conservative estimate of the 

uncertainty due to aeration effects of ± 1% of the measured range for time-averaged 

water levels and ± 2.5% for the measurement of wave heights. Combining uncertainties 

due to calibration and aeration effects gave ± ~0.5% outside of the surf zone and 

± ~1.5% within the surf zone of the measured range for time-averaged water levels. 

Likewise, the uncertainties for parameters proportional to wave height squared (i.e., 

wave energy and radiation stress) were ± ~2% outside of the surf zone and ± ~7% 

inside the surf zone. The effect of these uncertainties on the cross-shore integration of 

Eq. (3.13) and (3.14) was assessed by performing 100 Monte Carlo simulations, were 

uncertainties were modelled as having zero-mean Gaussian random distributions with a 

standard deviation based on the uncertainty. Velocity measurements were only used for 

estimating the effect of wave reflection (Appendix B), which we show below, has a 

minor effect on the calculated radiation stress gradients and as such is not considered a 

large factor in the uncertainty estimates.  



Chapter 3 Dynamics of wave setup over a steeply-sloping fringing reef 68 

Figure 3.2: (A) The bathymetric profile (h0), (B) the shoreward propagating component 
of rms wave height, and (C) the seaward propagating component of rms wave height are 
shown for Run 4. In each subplot the total (SS+IG), sea-swell (SS), and infragravity (IG) 
components are shown. In (B) and (C), closed circles are direct estimates of the 
shoreward and seaward components (i.e., locations with water level and velocity data), 
while open circles rely on interpolation of the seaward component as described in 
Section 3.4.2. 

3.5. Results 

3.5.1. Wave transformation 

To illustrate the general features of wave transformation across the reef, we 

initially focus on results from Run 4 with moderately large wave conditions 

(Hrms,0 = 0.12 m, Tp = 2.26 s; or equivalent to Hrms,0 = 4.3 m, Tp = 13.6 s in field scale) 

with an intermediate still water depth (hr = 0.04 m; or hr = 1.4 m in field scale) (Figure 

3.2). This run is used to highlight many of the common trends observed within the full 

array of runs, which differed primarily in terms of the magnitude of the wave height and 

setup responses. Figure 3.2 shows a rapid reduction in SS rms wave height in the 

vicinity of the reef crest (x = 0 m) associated with depth-induced breaking. A video 

sequence of a typical wave plunging near the reef crest is also depicted in Figure 3.3. A 

comparison with the shoreward component of the total wave height (SS+IG) shows that 

the IG waves contributed little to the total surf zone wave height gradients, despite SS 

and IG rms wave heights being comparable on the reef flat (Figure 3.2B). Wave 
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reflection was small relative to wave breaking dissipation (Figure 3.2C), with only 3% 

of SS and 6% of the total (SS+IG) wave energy flux reflected for Run 4 (values were of 

similar magnitude for the other runs) (Appendix B).  

Figure 3.3: (B-I) Wave plunging sequence taken during Run 4 in the immediate vicinity 
of the reef crest (solid box in subplot A). In subplots B-J the notation t0 denotes the start 
of the breaking sequence with a frame rate of ~25 Hz. The area of the photos is where 
the most intense wave breaking occurred and only covers a small portion of the total 
reef slope and reef flat shown in (A). (J) Larger area (subplot A dashed box) showing 
the development of a steady bore at x = 0.8 m propagating shoreward on the reef flat. 
(K) Oblique photograph showing a bore on the reef flat and a wave steepening on the 
reef slope. 
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3.5.2. Radiation stresses, momentum balances, and setup/setdown 

The shoreward propagating SS and IG wave energy fluxes F  (Figure 3.4B) 

were used to evaluate the radiation stress from linear wave theory Sxx via Eq. (3.12) and 

a contribution from the wave roller Rxx via Eq. (3.6) (Figure 3.4C). These radiation 

stresses were used to predict wave setup profile via Eq. (3.13) and compared with the 

observations (Figure 3.4D). The inclusion of the wave roller improved the predictions 

of both setdown and setup by introducing a spatial delay between the dissipation of PE 

and the associated radiation stress (Sxx+Rxx) gradients (Figure 3.4D). The improved 

agreement was most noticeable on the seaward portion of the reef flat where  and 

pred  calculated from Sxx+Rxx gradients continue to increase despite pred  calculated 

without the wave roller reaching an approximate maximum at x = 0.35 m (Figure 3.4D). 

However, comparing Sxx+Rxx with Sxx,eff (i.e. the latter reflecting the Sxx needed to 

produce the observed setup per Eq. (3.14)) shows that in order to match the observed 

wave setup, Sxx+Rxx would still need to be slightly larger during the initial wave setdown 

and decay slightly more slowly shoreward of the reef crest (Figure 3.4C). However, 

these discrepancies only represent a very minor correction of 3-5% to the wave setup 

predicted from Sxx+Rxx on the reef flat (Figure 3.4D). Figure 3.5 provides two additional 

examples of Sxx and  profiles for Runs 13 and 16 (also discussed further below), these 

runs had the same incident wave forcing as Run 4 but with h0,r of 0 m and 0.09 m, 

respectively. 

Of particular interest is the setup on the reef flat that establishes the water level 

that will interact with a shoreline. The setup was relatively constant across the majority 

of the reef flat (x > 4 m, Figure 3.4D, Figure 3.5B, Figure 3.5D) for all sixteen runs, 

allowing us to define a mean reef setup r , between x = 4-10 m. To assess how 

offshore wave properties and still water levels influenced r , we compare r  with the 

cross-shore integrated radiation stress gradient: 

0

,
x

xx xx
xx xx

x

S
dx S

x
R

R  (3.15) 

where the bounds of integration were taken from seaward of the break point (x = -2 m) 

to a point on the reef flat (x = 4 m) shoreward of the surf zone where  becomes 

relatively constant (i.e., r ). As these bounds of integration are both outside of the 

surf zone, this evaluation is independent of whether the wave roller is considered or not 

(i.e., - (Sxx+Rxx) = - Sxx depends only on the end-point values of Sxx). For runs with 
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constant Tp and h0,r (Runs 1-6, Table 3.1), r  displays a sublinear dependence on - Sxx 

(Figure 3.6). This is consistent with Eq. (3.13), where  becomes an increasing 

proportion of 0h  as - Sxx increases. For a given range of - Sxx, variations in h0,r had

a large influence on  (Figure 3.6; both Runs 2,8-12 and 4,13-16), with decreases in 

h0,r causing r  to increase. For example r  was ~2.5 times greater for Run 13 

(h0,r = 0 m) than Run 16 (h0,r = 0.09 m) despite having a comparable - Sxx (Figure 3.5, 

Figure 3.6). 

Figure 3.4: (A) The bathymetric profile (h0 )and (B) the shoreward propagating 
components of the wave energy flux (F+) are shown in the vicinity of the reef crest for 
Run 4 (black box in Figure 3.1A). Subscripts SS and IG denote sea-swell and 
infagravity, respectively. (C) The radiation stresses Sxx and Rxx are the contribution from 
linear wave theory Eq.(3.12) and the wave roller Eq. (3.6), respectively. The “effective” 
radiation stress (Sxx,eff) is the radiation stress needed to close the mean momentum 
equation via Eq. (3.14). (D) Radiation stresses Sxx (“No roller”) and Sxx+Rxx (“Roller”) 
were used to evaluate pred  via Eq. (3.13) and compared with observations “Obs”. 
Vertical error bars are given for Sxx,eff and pred  (see Section 3.4.3). Vertical black lines 
give:(B) the start of wave dissipation and hence wave roller growth, (C) maximum Sxx, 
and (D) the region of maximum setdown. 

r
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Figure 3.5: (A,C) Radiation stresses Sxx (“No roller”) and Sxx+Rxx (“Roller”) were used 
to evaluate (B,D) pred  via Eq. (3.13) and compared with observations “Obs” in the 
vicinity of the reef crest for Run 13 (first column) and Run 16 (second column). Vertical 
error bars are given for Sxx,eff and pred  (see Section 3.4.3). 

Figure 3.6: Variation of r  with - Sxx calculated from offshore to x = 4 m. Symbols 
denote runs with shared conditions and a single variable changed. A quadratic, least-
squares trend line is given of Runs 1-6. Numbers adjacent to symbols denote the run 
number (refer to Table 3.1). 
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If the cross-shore integrated pressure gradient ( 0( )hg xd
x

) is instead 

considered (rather than r ; Figure 3.7), this mostly collapses the trends observed in 

Figure 3.6. Eq. (3.2) predicts a 1:1 relationship should occur between the cross-shore 

integrated pressure gradient and - Sxx. Our results indicate that the trend is mostly 1:1, 

with nearly all runs falling within the uncertainty of the measurements (Figure 3.7). 

Cross-shore integration over the entire surf zone, as done in Figure 3.7, 

incorporates the cumulative effects of processes that contribute to both setdown 

/ 0x  and setup / 0x . To investigate the dynamics of setdown and setup

in more detail, we cross-shore integrated Eq. (3.2) over two separate regions (Figure 

3.8): 1) a region of setdown from offshore (x = -2 m) to a “transition point”, defined as 

the point of maximum setdown (usually x = -0.5 to -0.2 m); and 2) a region of setup 

from the transition point to x = 4 m where  becomes relatively constant. We note that 

this transition point of maximum setdown is also used by Svendsen (1984b) to define 

the transition between the “outer surf zone” and the “inner surf zone”, where the outer 

surf zone is characterized by rapid wave transformation (but comparatively small 

pressure gradients) and the inner surf zone is characterized by the development of 

steady turbulent bores and rapid wave setup generation. As the transition point is often 

within the surf zone (defined by Dbr > 0), - (Sxx+Rxx) is sensitive to the inclusion of the 

wave roller. For the setdown region (Figure 3.8A), 11 of the 16 runs had much more 

negative cross-shore integrated pressure gradients than - Sxx would predict via Eq. (3.2)

. This is consistent with the under prediction of setdown shown for Runs 4 and 13 

without the wave roller (Figure 3.4D, Figure 3.5B). Conversely, for the wave setup 

region (Figure 3.8C), 10 of the 16 runs had larger cross-shore integrated pressure 

gradients than - Sxx, consistent with the under prediction of setup shown for Runs 4 and 

13 (Figure 3.4D, Figure 3.5B). Together with Eq. (3.2), these results suggest that the 

actual radiation stresses at the transition point were larger than calculated from 

observations via the linear wave theory approximation of radiation stress Eq. (3.12). 

However, as seen in the prediction of setdown/ setup profiles (Figure 3.4D, Figure 3.5B, 

Figure 3.5D), including the contribution from the wave roller Rxx (i.e., - (Sxx+Rxx) rather 

than - Sxx) substantially improved the agreement between the cross-shore integrated 

radiation stress and pressure gradients over both the setdown (Figure 3.8B) and setup 

regions (Figure 3.8D). 
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Figure 3.7: Variation of the cross-shore integrated (x = -2 to 4 m) pressure gradient with 
the cross-shore integrated radiation stress gradient (- Sxx; Eq. (3.15)) for the sixteen 
wave and water level conditions. As the cross-shore integration spans the entire surf 
zone, this analysis is independent of the wave roller (i.e., - (Sxx+Rxx)= - Sxx). The mean 
momentum equation Eq. (3.2) predicts a 1:1 relationship (black line) should exist. 
Vertical and horizontal (typically not visible) error bars show the uncertainties due to 
instrument accuracy (see Section 3.4.3). 

Due to these momentum balances, both wave setdown and setup were under 

predicted for many runs using Sxx alone (Figure 3.9). For setdown, 8 of the 16 runs were 

under predicted by an average of 49%; this under prediction was approximately halved 

(26%) with the inclusion of the wave roller (i.e., Sxx+Rxx). For setup, 12 of the 16 runs 

were under predicted by an average of 21%; inclusion of the wave roller reduced the 

error to just 3%. The under prediction of setdown and setup, without the inclusion of the 

wave roller, was most pronounced for runs with larger wave heights and lower still 

water levels (i.e., cases with the greatest setdown and setup). These runs also had 

relatively low 0 values due to the dependence on offshore wave height. For the full 

array of runs, the improvement found by including the wave roller was substantial for 

0 < 2.3; however, for the five runs with 0  2.3 (Table 3.1) both the setdown and setup 

predictions were not significantly improved with inclusion of the wave roller. Run 8 

(Figure 3.9 A,B; cyan circle) was the most extreme example with 0 = 3.4 (Table 3.1), 

for which a surging breaker type is predicted (Battjes 1974). For this particular run, the 

predicted wave setdown was considerably larger than observed (Figure 3.9A). Run 8 

was also the only run where the predicted setup was substantially less accurate when 

including the wave roller (Figure 3.9B). 
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Figure 3.8: Variation of the pressure and radiation stress gradients cross-shore 
integrated from offshore (x = -2 m) to maximum setdown (first row; A,B) and from 
maximum setdown to shoreward of the surf zone (x = 4 m) (second row; C,D). The 
radiation stress gradients were evaluated without (- Sxx) (first column) and with 
(- (Sxx + Rxx)) (second column) the wave roller. The mean momentum equation Eq. 
(3.2) predicts a 1:1 relationship (black lines) should exist for any integration region. 
Note the ~2x change in the axis scale between subplots A,B and subplots C,D. Vertical 
and horizontal (typically not visible) error bars show the uncertainties due to instrument 
accuracy (see Section 3.4.3). 
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Figure 3.9: Comparison of predicted wave setdown (A) and setup (B) with 
observations. Predictions are evaluated from Eq. (3.13) without (i.e., Sxx) and with (i.e., 
Sxx + Rxx) the wave roller contribution to Sxx. Run 8 (discussed in the text) is highlighted 
by the cyan circles. Vertical and horizontal (generally not visible) error bars show the 
uncertainties due to instrument accuracy (see Section 3.4.3). Note the scale change 
between (A) and (B), which renders error bars in (B) less visible. 

3.5.3. Parameterization of the wave roller model 

We investigate how the accuracy of the setup prediction  depends  on D 

via Eq. (3.8), the sole parameter in the wave roller model. As described in Section 3.4.2, 

a single optimum value of D = 0.19 had been applied consistently across all runs. This 

optimum value of D was determined based on assessing the sensitivity of the wave 

roller model by varying D from 0 to 0.5 in increments of 0.01 (equivalent to varying r

from 0o to 45o; recall D = sin r cos r) that is now described here. To assess how D 

influences the predicted the setdown/ setup profiles via Eq. (3.13), for each run we 

evaluate the relative rms error rms defined as: 

2
, ,

rms
1 ,i pred i obs

r rN
 (3.16) 

where N is the total number of measurement sites and i denotes an individual 

measurement location. For most runs (Figure 3.10), using D < 0.10 results in high error 

(relative to other D values), which is equivalent to the mild wave roller inclination 

angle of r < 6o. However, rms is generally low when D > 0.10 (Figure 3.10). For 

almost all runs, the optimum D fell between 0.1 - 0.3. Runs 1, 8, and 12, where both r  

was small (Figure 3.6) and 0  2.3 (Table 3.1), are exceptions with lower values of D 

improving the results. However, as noted previously, these were among the only runs 

pred
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where the setup predictions were not improved by including the wave roller. In addition, 

Run 10 had a very high optimum D of 0.4; however, as seen for several other runs 

(notably Run 2-4), Run 10 was generally insensitive to D > 0.10. Overall, the mean 

optimum D for all runs was 0.19 ( r = 11o), approximately twice the D = 0.1 Reniers 

and Battjes (1997) reported to be optimum for spilling waves (with 0 = 0.2 - 0.4 for 

waves breaking on their 1:20 beach slope). 

Figure 3.10: Relative rms error rms (Eq. (3.16)) in the predicted setdown/ setup profiles 
( ) calculated from Eq. (3.13) with the wave roller contribution to radiation stress 
(Rxx) evaluated via Eq. (3.6) - (3.8) using various values of the roller slope coefficient 
( D). Magenta dots give the lowest rms for each run, and the horizontal cyan dashed line 
gives the mean optimum D = 0.19 ( r = 11o) for the array of runs. For comparison, rms 
without the wave roller is shown below the main plot. 

pred
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Figure 3.11: (A) Estimated wave front inclination angle ( w; Eq. (3.17)) across (B) the 
reef profile from well offshore of the break point to near the shoreline. Vertical black 
lines give the averaging area used to calculate the w values shown in Figure 3.12. 

Heuristically, we could expect there to be some physical relationship between 

the wave roller inclination angle r within the wave roller dissipation model Eq. (3.8) 

and the wave front inclination angle w in the surf zone that generally increases with 

breaker type from spilling to plunging (Battjes 1974). To investigate this, we obtained 

an estimate of w from the water level time series in the surf zone and compared these 

values with the optimum r from Figure 3.10. The instantaneous free surface inclination 

angle  was estimated from the time rate of change of  from the water level time 

series based on the kinematic surface boundary condition as: 

1 1

,

1, tan tan .
( )SS mean

x t
x c f t

  (3.17) 

For the calculation of individual trough-to-crest wave front inclination angles, 

individual waves were isolated using a zero-crossing analysis, and the rms value of the 

individual trough-to-crest wave front inclination angles were taken as w. Figure 3.11 

shows the full cross-shore development of w for Run 4 (thus including non-breaking 

areas). The wave front inclination angle w rapidly increased in the shoaling region, 

reaching a maximum value of ~30o before decreasing during wave breaking. However, 

as we are only interested in w where there is a wave roller (i.e., in the surf zone), we 

spatially-averaged w over three surf zone wave gauges and compared the values to the 

optimum r for each run (Figure 3.12). With the exception of the anomalous Run 10 

(discussed previously), despite w being larger than r (as it should from theory), there 

was a strong linear relationship of increasing r with w. This suggests a physical basis 
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for assuming the wave roller model via Eq. (3.7) and provides an explanation for the 

higher optimum D (by approximately a factor of two) found here for the initially 

plunging waves, when compared to the optimum D reported by Reniers and Battjes 

(1997) for spilling waves.  

Figure 3.12: Variation of the optimum wave roller inclination angle ( r; the equivalent 
wave roller dissipation coefficient D is given on the secondary y-axis) with the 
measured wave front inclination angle ( w; Eq. (3.17)) spatially-averaged over the surf 
zone region indicated by the vertical black lines in Figure 3.11. 

3.6. Discussion 

In this study, we describe the first high-resolution observations of wave 

transformation and wave setup/setdown through the surf zone of a steeply-sloping reef 

profile, using a laboratory model with a bathymetry analogous to many natural fringing 

reefs. In contrast to previous reef hydrodynamic studies, this high-resolution dataset 

allows us to accurately quantify the mean cross-shore momentum balances across the 

reef from experimental observations alone, without relying on empirical or idealized 

models to predict radiation stress gradients through the surf zone. We found a 

breakdown in the local balance between pressure gradients and radiation stress 

gradients (approximated from linear wave theory) within the surf zone leading to a 

consistent under prediction in both the wave setdown and setup (Figure 3.4, Figure 3.5, 

Figure 3.6, and Figure 3.9).  

From detailed PIV measurements of the velocities beneath plunging breaking 

waves (Govender et al. 2002), it appears that this breakdown within the surf zone of the 

balance between pressure gradients and radiation stress gradients derived from linear 

wave theory arises from inaccuracies in the theoretical description of the velocity field 
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within breaking waves. Linear wave theory and other non-breaking wave theories (e.g., 

cnoidal) assume that PE and KE are equal (Dean and Dalrymple 1991; Dean and 

Bender 2006; Svendsen 2006). Alternatively, wave roller theory postulates that PE 

during wave breaking, which is the quantity we can most readily measure, is first 

converted to KE prior to being dissipated (Svendsen 1984a). The increased KE is in the 

form of a wave roller traveling with the breaking wave, which has been observed to 

quickly form after wave plunging (Okayasu et al. 1986; Bonmarin 1989; Govender et 

al. 2002). As shown in Figure 3.3I (and further developed in Figure 3.3 J,K) a turbulent 

bore, not unlike the conceptual wave roller model, does begin to form shortly after the 

initial plunging point and propagates shoreward over the horizontal reef flat. For Run 4, 

when applying the mean water level profile with Eq. (3.14), this indicates that 70% of 

the decay of Sxx occurs on the horizontal reef flat, not on the reef slope. This is in 

agreement with results with the wave roller included, where ~65% of the decay of 

Sxx+Rxx occurs on the reef flat, but inconsistent with the results using linear wave theory 

alone (where only ~35% of Sxx decays on the reef flat). Thus despite wave plunging 

occurring on the steep reef slope (Figure 3.2), our results indicate that a large portion of 

the decrease in PE observed during the initial wave plunging is transferred shoreward 

onto the reef flat as KE in the form of the wave roller. This mechanism allows for 

KE PE in the surf zone, which although inconsistent with non-breaking wave 

theories, is required to locally balance pressure gradients through the surf zone for the 

majority of the runs (Figure 3.4, Figure 3.5, Figure 3.8). 

Despite the wave roller being based on a simple conceptual model, we found 

that including the wave roller improved the local closure of the cross-shore mean 

momentum balances (Figure 3.8B,D) and thereby predictions of both setdown and setup 

(Figure 3.4D, Figure 3.5B, Figure 3.9). Run 16 (Figure 3.5C,D) gives an example of the 

maximum magnitudes of setdown and setup being well-predicted without the wave 

roller; however, even for this run the agreement with the observed setdown/ setup 

profile (not just r ) is improved by including the wave roller. Indeed, the only runs 

where the wave roller did not improve setup predictions were for runs approaching a 

surging breaker type ( 0  2.3).  

The wave roller model implemented here includes a single parameter 

D = sin r cos r (Dally and Brown 1995). From video analysis, Govender et al. (2002) 

reported a physical dependence of r on the breaker type, with plunging waves reported 

to have larger r than spilling waves. Thus, consistent with the measurements of 
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Govender et al. (2002), we found the optimum value of D = 0.19 for the plunging 

waves in this study to be larger than D = 0.1 found by Reniers and Battjes (1997) for 

spilling waves on their milder-sloping beach with 0 < 0.4 (Figure 3.10). The higher 

optimum D value would thus increase the dissipation rate of the wave roller compared 

to Reniers and Battjes (1997). Optimum values of D for individual runs (Figure 3.12) 

also displayed a strong linear relationship between the related r and the measured wave 

front inclination angle w in the surf zone, further supporting that there is a physical 

basis for assuming a wave roller on this steeply-sloping reef profile. 

The predicted wave setup on the reef flat was increased by 14-43% by including 

the wave roller with the most pronounced increases for runs with large setup (i.e., for 

runs having large incident wave heights and low still water depths). Wave setup was on-

average under predicted by 28% when using linear wave theory alone to approximate 

radiation stress gradients, for the four runs with the largest setup. Including the wave 

roller reduced the under prediction to just 1.5%. These particular runs would have field-

scale wave heights over 4 m, which are very typical of those experienced during large 

storms (e.g., Stephens and Ramsay 2014). As such, caution should be used when relying 

on results from linear wave theory approximations alone to predict setup, especially 

during the large wave conditions that are often the most important for coastal hazard 

assessments. We also note that Apotsos et al. (2007) used Eq. (3.7) to model the wave 

roller on a mild-sloping sandy beach profile (~1/100 slope) under more moderate wave 

conditions (Hrms = 0.2 to 2.1 m). Under these conditions, Apotsos et al. (2007) reported 

on average only an 11% increase in the predicted wave setup when including the wave 

roller. However, as we found here for the fringing reef profile, it is possible that further 

investigation of the effect of the wave roller on mild-slope sandy beaches could very 

well reveal an increased importance of the wave roller for much larger wave conditions 

than were considered in that study. 

Similar to the imbalance between pressure and radiation stress gradients shown 

here for linear wave theory, phase-resolving numerical wave models, which include 

nonlinear effects but not overturning (e.g., those based on the nonlinear shallow water 

or Boussinesq equations) have also shown discrepancies in predicted wave setup on 

sleep slopes despite matching wave height observations (Skotner and Apelt 1999; 

Stansby and Feng 2004; Yao et al. 2012a). As we show for our observations that include 

a wave roller, these discrepancies are likely the result of not accurately modeling the KE 

of waves shoreward of wave plunging point. Indeed, Stansby and Feng (2004) showed 

that on the steep ~1:4 slopes of seadikes, model predictions of wave setup could be 
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improved by including a wave roller in their nonlinear shallow water wave model. It 

appears that the simple idealized model of a wave roller represents a physical correction 

to non-breaking wave theory and is capable of mimicking some of the more complex 

dynamics of wave breaking that would otherwise require a full three-dimensional highly 

computationally expensive free surface model (e.g., Torres-Freyermuth et al. 2007). 

The use of a simple one-dimensional fringing reef profile with a smooth bed and 

an impenetrable shoreline reduced the general form of the cross-shore mean momentum 

equation (Eq. (3.1)) to a dynamic balance between the radiation stress and pressure 

gradients (Eq. (3.2)). However, on more complex two-dimensional reef geometries that 

include large roughness, both nonlinear advection and bottom stresses will be non-

negligible requiring evaluation of a more general form of Eq. (3.1). Nevertheless, we 

still expect the importance of the wave roller to accurate predictions of setup to remain. 

In a numerical study of varying two-dimensional reef-lagoon systems, Lowe et al. 

(2010) found that wave setup generation in the surf zone was dominated by radiation 

stress gradients, and hence the setup on the seaward portion of the reef flat was largely 

independent of the lagoon and channel geometries. As such, a similar setup response to 

what we observed using this fringing reef profile, should likewise occur for more 

complex two-dimensional reef geometries. Similarly, incorporating wave roller 

formulations into a phase-resolving numerical wave model capable of modeling wave 

transformation on steeply-sloping reefs, such as used by Yao et al. (2012a) and Buckley 

et al. (2014), may improve numerical model predictions of wave setup. Such a model 

could then be used to further investigate wave setup dynamics and circulation for a 

much broader range of reef geometries. 

An effort clearly needs to be made to more accurately measure the terms in the 

complete form of Sxx (Eq. (3.3)), especially within the surf zone, as this would be the 

greatest extension of these results. This work may also lead to further refinements in the 

wave roller model, possibly including the effects of spatially-variable wave front 

inclination angle. However, we emphasize that the simple idealized wave roller model 

used in this study reproduced the observations exceedingly well for the majority of 

wave and water level conditions. Furthermore, r in the wave roller dissipation model 

was linearly related to the observed mean wave front inclination angle in the surf zone 

indicating that there is likely a physical basis for the simple shear stress dissipation 

formula of Dally and Brown (1995).  
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3.7. Conclusions 

High-resolution laboratory observations were used to investigate the dynamics 

of wave setdown and setup across a steeply-sloping fringing reef profile. The one-

dimensional profile with a smooth bed reduced the cross-shore mean momentum 

equation to a balance between the pressure and radiation stress gradients. This balance 

was evaluated using observations from seventeen locations across the reef profile for 

sixteen offshore wave and water level conditions. Radiation stress gradients calculated 

from observations using linear wave theory under predicted setdown (8 of 16 runs; by 

up to 77%) and setup (12 of 16 runs; by up to 31%) with inaccuracy increasing with 

increased offshore wave height. For the twelve runs where setup was under predicted 

(all having Hrms,0  2.2 m in field scale), including a wave roller in the estimation of 

radiation stress gradients reduced the under prediction of setup from 21% to 3% on 

average. The wave roller accounts for an initial transfer of potential energy to kinetic 

energy during wave breaking thereby shifting the dissipation shoreward in line with 

pressure gradient observations. Evaluating the wave roller required a single parameter, 

the wave roller inclination angle, which was found to be linearly related to our estimates 

of the wave front inclination angle derived from the wave gauge observations. This 

relationship, combined with the improved agreement with the observed setdown/ setup 

profiles, suggests a physical basis for the wave roller. The wave roller was found to be 

most important for relatively large incident wave cases; therefore, under the conditions 

most critical to coastal hazard assessment. 
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3.8. Appendix A: Approximation of the time-averaged bottom stress 

The time-averaged bottom stress B in Eq. (3.1) is commonly modelled using a 

quadratic drag law as (e.g., Grant and Madsen 1979; Feddersen et al. 2000; Mei 2005): 

,db b bC u u  (3.A1) 

where ub is the instantaneous near-bed velocity in the cross-shore direction (taken at a 

height just above the bottom boundary layer) and Cd is a bottom drag coefficient that 

depends on properties of the bottom roughness, as well as the flow environment and the 

height above the bed at which ub is taken. We approximate ub as the sum of the depth- 

and time-averaged Eulerian velocity (below the mean water level) Ub and the 

instantaneous wave orbital velocity bu . Local continuity was used to approximate Ub as 

the offshore directed velocity necessary to balance the onshore directed mass flux above 

the mean water level due to finite-amplitude non-breaking waves and wave rollers (e.g., 

Apotsos et al. 2007; Lentz et al. 2008). The wave velocity bu  was approximated using 

synthetically generated time-series (Ruessink et al. 2012), which accounted for wave 

energy density and mean wave period, as well as the velocity asymmetry and skewness 

predicted from the measured water level time-series. 

For the case of the smooth bed, including b via Eq. (3.A1) with a physically 

meaningful Cd (i.e., order 0.001 for the smooth plywood bed; e.g., Longuet-Higgins 

1970) has negligible effect on the closure of the mean momentum balance or the 

prediction of wave setup. For example, using a large Cd = 0.005 when predicting wave 

setup via Eq. (3.13) resulted in only a ~4% increase in the wave setup on the reef (when 

compared to using 0b ). Furthermore, the cross-shore integrated residual of the 

pressure and radiation stress gradients varied about zero, and no significant correlation 

was found between the integrated residual and the integrated velocity term b b xdu u

(e.g., Feddersen et al. 2003). These findings indicate that for the smooth bed, the time-

averaged bottom stress b  was negligible for all runs (when compared to the radiation 

stress gradient), so for this study 0b  was used. However, this will not generally be 

the case, particularly for coral reefs, where the bottom roughness (and hence Cd) can be 

large. 
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3.9. Appendix B: Separation of shoreward and seaward propagating waves  

  

 A frequency domain algorithm (assuming linear wave theory) was used to 

separate shoreward (+) and seaward (-) propagating wave motion from synchronous 

velocity and water level time series. The shoreward F  and seaward F  propagating 

Fourier components of a water level time series are related to the observed “total” 

Fourier components as F F F ; likewise, for the velocity components 

uu uF F F . Using the kinematic relationship between wave height and velocity, 

gives: 
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where k ( f ) is the wave number, and Ku ( f ) is the linear wave theory velocity response 

function, defined as: 
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in which hu is the height above the bed where velocity is measured. This gives a system 

of four equations with four unknown variables ( ,  and ,u uF F F F ); rearranging yields 

equations for F  and F  as: 
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The inverse Fourier transformations of F  and F  were used to generate time series of 

the shoreward and seaward propagating components of the wave signals, respectively. 
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4. Wave setup over a fringing reef with large bottom roughness 
 

4.1. Abstract 

 The effect of bottom roughness on setup dynamics was investigated using high-

resolution observations across a laboratory fringing reef profile with roughness 

elements scaled to mimic the frictional wave dissipation of a coral reef. Results with 

roughness were compared with smooth bottom runs across sixteen offshore wave and 

still water level conditions. The time-averaged and depth-integrated force balance was 

evaluated from observations collected at seventeen locations along the flume and 

consisted of cross-shore pressure and radiation stress gradients whose sum was 

balanced by quadratic mean bottom stresses. The introduction of roughness had two 

primary effects. First, for runs with roughness, frictional wave dissipation occurred on 

the reef slope offshore of the breakpoint reducing wave heights prior to wave breaking. 

Second, offshore directed mean bottom stresses were generated by the interaction of the 

combined wave-current velocity field with the roughness elements. These two 

mechanisms acted counter to one another. Frictional wave dissipation resulted in 

radiation stress gradients that were predicted to generate 18% (on average) less setup on 

the reef flat for rough runs than smooth runs when neglecting mean bottom stresses. 

However, mean bottom stresses increased the predicted setup by 16% on average for 

runs with roughness. As a result, setup on the reef flat was comparable (7% mean 

difference) between corresponding rough and smooth runs. These findings are used to 

assess prior results from numerical modelling studies of reefs, and also to discuss the 

broader implications for how large roughness influence setup dynamics in the nearshore 

zone. 

 

4.2. Introduction 

 Bottom roughness contributes to frictional wave dissipation and time-averaged 

(mean) bottom stresses, which modify surf zone force balances and resulting wave 

setup and wave-driven circulation (Longuet-Higgins 1970, 2005; Dean and Bender 

2006; Lowe et al. 2009a). As a result, the large roughness features (O(0.1 - 1 m)) typical 

of coral reefs can substantially influence a wide range of physical dynamics and 

dependent processes both physical (e.g., coastal inundation and sediment transport) and 

biological (e.g., larval and nutrient transport and dispersal) (Roberts et al. 1975; 

Monismith 2007; Lowe et al. 2010; Lowe and Falter 2015). Coral reefs are subject to a 

range of stressors (e.g., climate-induced coral bleaching, eutrophication), which can 
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ultimately reduce physical roughness through loss of coral cover (Alvarez-Filip et al. 

2009) and in turn modify bottom stresses and alter reef hydrodynamics (Sheppard et al. 

2005; Baldock et al. 2014; Quataert et al. 2015). In this paper we specifically 

investigate how the presence of bottom roughness modifies wave setup dynamics. 

 Wave setup (the mean increase in water level due to wave breaking), along with 

tides and storm surge, are the primary mechanisms controlling the water level at 

shorelines. Roughness affects setup through its contribution to the wave-averaged cross-

shore momentum balance. For an alongshore uniform reef with normally-incident 

waves, the wave-averaged and depth-integrated momentum equation in the cross-shore 

direction (x-coordinate positive shoreward) can be expressed as (see Buckley et al. 

2015a): 

 
2

0

radiation stress pressure time-averaged bottom stressgradient gradient

1 0,xx xx
b

S hgh
x x

R
x

  (4.1) 

where the overbars denote time-averaging over many wave periods, Sxx is the cross-

shore component of the wave radiation stress tensor (Longuet-Higgins and Stewart 

1964), Rxx is the wave roller contribution to radiation stress (Svendsen 1984b),  is 

density, g is the gravitational acceleration, h0 is still water depth,  is the time-

averaged deviation of the free surface ( ) from h0, 0h h  is the total water depth, 

and b  is the mean bottom stress. 

 Eq. (4.1) describes the balance between the cross-shore components of the 

radiation stress and pressure gradients and the mean bottom stress. The radiation stress 

gradient term results from cross-shore gradients in potential and kinetic energy (e.g., 

due to wave shoaling and breaking) (Buckley et al. 2015a). In linear and other non-

breaking wave theories (e.g., cnoidal; Svendsen 2006, p. 420), both potential and kinetic 

energy are equal, allowing radiation stresses to be calculated with wave energy taken as 

twice the potential energy (e.g., Dean and Dalrymple 1991; Dean and Bender 2006). 

However, for breaking waves there is an additional source of kinetic energy (and 

radiation stress) from the wave roller traveling with the breaking wave (Duncan 1981; 

Svendsen 1984b). The pressure gradient term results from cross-shore gradients in 

setdown and setup. The mean bottom stress ( b ) is generated by the interaction of the 

combined wave-current velocity field with bottom roughness and is commonly 

modelled using a quadratic drag law as (e.g., Grant and Madsen 1979; Feddersen et al. 

2000; Mei 2005): 
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 ,b d b bC u u   (4.2) 

where Cd is an empirical bulk bottom drag coefficient and ub is the instantaneous cross-

shore free-stream velocity above the bottom roughness. Consistent with the general 

form of the cross-shore momentum equation (Mei 2005, p. 554; Svendsen 2006, p. 

532), b  is modified by a bottom slope correction ( 2
01 h x ) in Eq. (4.1). Though 

negligible for mild-slopes, the bottom slope correction to the cross-shore (horizontal) 

momentum balance increases with steeper bottom slopes due to the increased exposure 

of the near-bed flow to normal stresses on the vertically-sloping reef face (Svendsen 

2006, p. 529-532). 

 Over smooth bottoms, Eq. (4.1) reduces to a balance between the radiation stress 

and pressure gradient terms (e.g., Bowen et al. 1968; Stive and Wind 1982; Buckley et 

al. 2015a). However, in the presence of roughness the momentum balance is altered in 

two primary ways: 1) by increasing frictional wave dissipation, which in turn modifies 

radiation stress gradients; and 2) by increasing the magnitude of b  (Longuet-Higgins 

2005; Dean and Bender 2006). Rates of frictional wave dissipation on coral reefs are 

commonly found to be at least one order of magnitude larger than is typical over 

smooth sandy bottoms (Lowe et al. 2009b; Huang et al. 2012; Monismith et al. 2013; 

Monismith et al. 2015). Lowe et al. (2009a) and Quataert et al. (2015) suggest that 

frictional wave dissipation offshore of the breakpoint may reduce setup on reefs. 

However, in part due to the difficulties in obtaining detailed surf zone measurements on 

coral reefs, the effects of these high frictional wave dissipation rates on setup dynamics 

have not yet been rigorously investigated experimentally. 

 The presence of a mean bottom stress ( b ) can contribute to either reducing or 

enhancing setup, depending on the sign of the velocity term in Eq. (4.2) (Dean and 

Bender 2006). Like frictional wave dissipation, b  is commonly reported to be an order 

of magnitude larger on reefs than smooth sandy beaches under the same flow conditions 

(Lowe et al. 2009a; Rosman and Hench 2011). Numerical studies have predicted a 

significant portion of the total setup over fringing coral reefs (i.e., those fronting a 

coastline) is due to b  generated by offshore directed, near-bottom velocities (i.e., 

undertow) interacting with roughness (e.g., Franklin et al. 2013; Quataert et al. 2015). 

In contrast, Dean and Bender (2006) predicted that setup can theoretically be reduced 

when nonlinear wave orbital velocities interact with large roughness in the absence of 

any mean current. 
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Table 4.1: Simulated wave and water level conditions, including the deep water rms 
wave height (Hrms,0), peak period (Tp), still water depth on the reef flat (h0,r), deep water 
wave steepness (Hrms,0/L0), and deep water surf similarity parameter ( 0). Parameter 
values are given for both the laboratory scale (i.e., 1:36 geometric scaling and 1: 36  
scaling of time) and the equivalent field scale. 
 Lab scale Field scale   

Hrms,0  Tp  h0,r  Hrms,0  Tp  h0,r  Hrms,0/L0 0 
Run [m] [s] [m] [m] [s] [m] [-] [-] 
1 0.03 2.26 0.04 1.1 13.6 1.4 0.004 3.3 
2 0.06 2.26 0.04 2.2 13.6 1.4 0.007 2.4 
3 0.09 2.26 0.04 3.2 13.6 1.4 0.011 1.9 
4 0.12 2.26 0.04 4.3 13.6 1.4 0.015 1.7 
5 0.14 2.26 0.04 5.0 13.6 1.4 0.018 1.5 
6 0.17 2.26 0.04 6.1 13.6 1.4 0.021 1.4 
7 0.06 1.31 0.04 2.2 7.9 1.4 0.021 1.4 
8 0.06 3.20 0.04 2.2 19.2 1.4 0.004 3.4 
9 0.06 2.26 0.00 2.2 13.6 0.0 0.009 2.2 
10 0.06 2.26 0.02 2.2 13.6 0.7 0.009 2.2 
11 0.06 2.26 0.06 2.2 13.6 2.2 0.008 2.3 
12 0.06 2.26 0.09 2.2 13.6 3.2 0.008 2.3 
13 0.12 2.26 0.00 4.3 13.6 0.0 0.015 1.7 
14 0.12 2.26 0.02 4.3 13.6 0.7 0.015 1.7 
15 0.12 2.26 0.06 4.3 13.6 2.2 0.015 1.7 
16 0.12 2.26 0.09 4.3 13.6 3.2 0.015 1.6 
 

 In this study, we quantify the effect of large bottom roughness on setup 

dynamics using a high-resolution laboratory dataset. Experiments were conducted in a 

55-m long flume (1:36 scale) with a 1:5 reef slope leading to a wide shallow reef flat 

and sloping beach. The effect of roughness on setup was assessed by evaluating the 

cross-shore momentum balance from observations collected at seventeen locations 

along the flume. Buckley et al. (2015a) detail the cross-shore dynamics from the same 

flume, reef geometry, and wave conditions using a smooth bottom. In the present study, 

the sixteen offshore wave heights and still water level conditions of Buckley et al. 

(2015a) were repeated with the addition of a staggered array of cubes affixed to the reef 

slope and reef flat, which mimicked the typical bulk frictional wave dissipation 

characteristics of a coral reef. In this analysis, we specifically focus on how the 

introduction of the bottom roughness alters the wave dynamics and resulting setup 

profile. While this study is specifically motivated by how roughness modifies setup 

across reefs, our results are also broadly relevant to understanding how setup can be 

modified in other coastal systems having large roughness (e.g., as formed by aquatic 

vegetation, coarse sediment, bedforms, and karst topography). 



Chapter 4 Wave setup over a fringing reef with large bottom roughness 91 

Figure 4.1: (A) Schematic of the fringing reef showing the reef slope (1:5), reef flat 
length (14 m; ~500 m field scale), beach slope (1:12), and instrument locations. 
Sections of the bathymetry (reef slope and reef flat) highlighted in dashed yellow were 
affixed with roughness elements as shown in Figure 4.2. (B) An example of the wave 
setup profile ( ) in the vicinity of the reef crest for Run 4, defining the still water depth 
(h0) and the total water depth (h). 

4.3. Methods 

4.3.1. Experimental setup 

Experiments were performed in a 55-m long wave flume (Eastern Scheldt 

Flume) at Deltares, the Netherlands (Figure 4.1). A 1:36 geometric scale fringing reef 

profile was constructed from marine plywood with a 1:5 reef slope, a 14 m horizontal 

reef flat (500 m in field (prototype) scale), and a 1:12 beach (Figure 4.1). The 

bathymetric characteristics of this reef fall within a typical range for fringing coral reefs 

(see Buckley et al. 2015a). Two sets of sixteen runs were conducted with varying still 

water depths on the reef flat (h0,r) and offshore wave conditions (Table 4.1). The first set 

of runs, detailed by Buckley et al. (2015a), used a smooth bottom to minimize the role 

of bottom roughness on wave transformation and setup dynamics. In the second set of 

runs, bottom roughness was introduced using a staggered array of 1.8 cm (65 cm in 

field scale) concrete cubes affixed to the plywood bottom on the reef slope and reef flat 

(Figure 4.2). This idealized array of roughness elements was designed to replicate the 

typical bulk frictional wave dissipation characteristics of reefs (Lowe et al. 2005a), 
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while still being simple enough to have predictable hydrodynamic properties and be 

described with relatively few geometric variables. Analogous staggered arrays of 

roughness elements have been used to study flow through a variety of “canopies” (or 

“roughness-sublayers”), including buildings (Macdonald 2000; Belcher et al. 2003), 

aquatic vegetation (Nepf and Vivoni 2000), and coral reefs (Chamberlain and Graus 

1975; Lowe et al. 2005b; Lowe et al. 2008; Zeller et al. 2015). The geometric properties 

of the cube array are defined by the horizontal and vertical dimensions of roughness 

elements lh and lv, respectively, and the density of roughness elements N (i.e., the 

number of roughness elements per unit plan area). From these variables, two non-

dimensional parameters are defined: 

, and

,
f h v

p h hl

l N

l N

l
(4.3) 

where f  is the frontal area of roughness elements per unit plan area and p  is the 

plan area of roughness elements per unit plan area. For the array of cubes used in this 

study, N = 400 m-2, 1.8 cmh vl l , and 0.13pf  (Figure 4.2), which is smaller 

than 0.42 6.31f  and comparable to 0.02 0.38p  reported for branched reef 

corals by Lowe et al. (2005a). We note that the presence of the solid roughness elements 

can modify the total water depth. Defining the total water depth (h) as the fluid volume 

in the water column divided by the plan area yields: 

0 p vh lh (4.4) 

where 0h  is the total water depth over a smooth bottom and 0.002 mp vl  is a 

correction due to the solid volume occupied by the roughness elements. However, this 

depth correction is less than 6% of the observed 0h , even on the shallow reef flat 

for cases where 0h  was lowest. 
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Figure 4.2: (A) View of the dry flume with roughness elements looking shoreward 
from offshore of the reef slope. (B) Roughness elements used were (D) 1.8 cm concrete 
cubes affixed in the repeating staggered pattern shown in (C). This pattern gave 
N = 400 m-2 cubes per unit plan area, with 7,000 cubes in total covering the reef slope 
and flat. 

Irregular waves with a TMA spectrum (Bouws et al. 1985) were generated with 

a piston-type wave maker with second-order wave generation and active reflection 

compensation (van Dongeren et al. 2002). Water levels (17 locations with resistance-

type gauges) and horizontal velocities (6 locations with electromagnetic current meters) 

were measured synchronously at 40 Hz, with the highest density of measurements in the 

surf zone region near the reef crest at x = 0 m (Figure 4.1). On the reef flat and reef 

slope, instruments were recessed into the bed to sample in the shallow depths (Eslami 

Arab et al. 2012). At these locations, velocities were sampled over a volume extending 

from 2 - 2.5 cm above the bottom (the center of the volume was located at

0 0.0225 mz h , where z is the vertical coordinate positive upward from h0). At 

other offshore locations, velocities were sampled at approximately the middle of the 

water column. 

4.3.2. Calculation of radiation stresses 

The methods used to evaluate both the wave (Sxx) and wave roller (Rxx) 

contributions to radiation stress are described in detail in Buckley et al. (2015a) and 

briefly recounted here. Wave spectra ( C ) were computed using Welch's modified 

periodogram with a Hanning window and a segment length of 214 samples (~410 s; 41 

min in field scale). From C , the wave energy flux (F) was evaluated as: 
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.gF c Cg df  (4.5) 

The wave energy flux was separated into a component FSS from sea-swell (SS) waves 

and a component FIG from infragravity (IG) waves. The SS band was defined as f fp/2 

and the IG f < fp/2, where fp is the peak forcing frequency 

of each wave case (Table 4.1). Following Buckley et al. (2015a), the co-located 

synchronous water level and velocity measurements were used to estimate the 

shoreward propagating components of wave energy flux ( SSF and IGF ) from which Sxx 

was evaluated at instrument locations as: 
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 where ,SS meanf  and ,IG meanf  are defined as the mean frequencies for the SS and IG 

waves, respectively. 

As discussed in Buckley et al. (2015a), wave rollers contribute an additional 

source of radiation stress Rxx in the surf zone as (Svendsen 1984b): 

2 ,xx rR E  (4.7) 

where Er is the kinetic energy of the wave roller, modeled using an approximate energy 

balance following Stive and De Vriend (1994): 

 2 .r br tE c D c
x

  (4.8)

Here Dbr is the wave breaking dissipation rate and t  is the mean shear stress at the 

boundary between the turbulent roller and the underlying organized wave motion. 

Following Buckley et al. (2015a), t  is modeled according to Dally and Brown (1995) 

with the wave roller dissipation coefficient D =0.019 found to be optimum by Buckley 

et al. (2015a) for the smooth runs. Wave breaking dissipation was isolated from the total 

dissipation as:  

roughness
total dissipation
dissipation

( ) ,SS IG
fricbr

F FD D
x

 (4.9) 

where Dfric is the frictional wave dissipation, modelled as (Jonsson 1966): 

31 ,
2 wi bfr cD f u  (4.10) 
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where fw is the wave friction factor (detailed in Section 4.4.1) and bu  is the wave 

component of ub (see Section 4.3.3). 

The methods by which radiation stresses were estimated account for nonlinear 

wave shape through a spectral representation of the wave field (see Buckley et al. 

2015a). Conservative nonlinear interactions between sea-swell and infragravity waves 

are inherently accounted for, as Eq. (4.1) is averaged over both sea-swell and 

infragravity wave frequencies. All waves are assumed to be free and progressive despite 

that a portion of the shoreward propagating infragravity energy offshore of the 

breakpoint is likely bound to the sea-swell wave groups (Longuet-Higgins and Stewart 

1962; Longuet-Higgins and Stewart 1964). However, due to the low proportion (less 

than 4%) of infragravity wave energy offshore of the breakpoint (Buckley et al. 2015a), 

the assumption of free versus bound infragravity waves has negligible effect on the 

calculation of Sxx and hence wave setup. Likewise, nonlinear interactions between sea-

swell and infragravity waves which can modify the infragravity wave energy balance 

(Henderson et al. 2006; Pequignet et al. 2014) are calculated to be less than 5% of the 

combined sea-swell and infragravity wave energy flux and therefore negligible in this 

evaluation of wave setup dynamics. 

4.3.3. Evaluation of velocities 

Although velocities were measured at 6 locations (Figure 4.1), higher spatial 

resolution was required to determine the mean bottom stress term in Eq. (4.1) across the 

reef profile. The methods used to predict velocities are detailed below and comparisons 

of the predicted and observed velocities are included in Section 4.4.4. The instantaneous 

velocity (ub) was composed of a steady (current) component Ub and an unsteady (wave) 

component : 

,b b bu U u   (4.11) 

where the subscript “b” denotes the free-stream velocity at the top of the roughness 

elements 0( )vz h l . The steady component Ub was approximated as the time- and 

depth-averaged Eulerian velocity (Apotsos et al. 2007; Lentz et al. 2008). For all cases 

considered here, the system was in steady-state when averaged over many wave cycles 

(i.e., / 0t ) and the shoreline was impermeable, such that the time-averaged and 

depth-integrated Lagrangian mass flux was zero (e.g., Mei 2005). This allowed Ub to be 

approximated from local continuity as the offshore directed velocity necessary to 

balance the onshore directed mass flux above the mean water level due to finite-

bu
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amplitude non-breaking waves and wave rollers (Faria et al. 2000; Apotsos et al. 2007; 

Lentz et al. 2008): 

wave
mass fu

wave roller
mass flux x

,w
b

rM MU
h h

 (4.12) 

where  /wM E c  (based on the wave energy density / gE F c ) and 2 /r RM E c  are 

the depth-integrated and time-averaged Eulerian mass fluxes due to the non-breaking 

waves and wave rollers, respectively. 

The wave velocity ( bu ) for the combined sea-swell and infragravity wave field 

was approximated using a time-series of nonlinear waves based on Ruessink et al. 

(2012): 
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where Hrms is the combined sea-swell and infragravity root-mean-squared (rms) wave 

height, fmean is the mean frequency, 2mean meanf  is the mean angular frequency, and 

kmean is the mean wave number approximated from linear wave theory. The first term 

represents the linear wave theory-derived wave velocity amplitude for free progressive 

waves and the second term is a normalized periodic forcing function ( ) that generates 

a time (t) dependent signal of frequency fmean with velocity asymmetry (Au) and velocity 

skewness (Su) (see Ruessink et al. (2012) for the mathematical form and evaluation of 

). Velocity skewness (Su) and asymmetry (Au) are measures of the asymmetry of the 

velocity signal about the horizontal and vertical axes, respectively, and thus influence 

the mean bottom stress via the velocity term in Eq. (4.2). Velocity skewness is defined 

as: 
3

3 ,b
u

u

uS  (4.14) 

where u is the standard deviation of bu . Velocity asymmetry (Au) is defined similarly 

to Eq. (4.14), but with bu  replaced by its Hilbert transform (Ruessink et al. 2012). The 

velocity nonlinearity parameters (Su and Au) were evaluated from velocity time-series 

where available and by using the linear wave theory transfer function (e.g., Guza and 

Thornton 1980) to first convert water level time-series to predicted velocity time-series 

for sites with only water level measurements (Figure 4.1). 
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4.3.4. Evaluation of the mean momentum equation 

Terms in mean momentum equation were evaluated from observations of 

, ,,  ,  ,  ,  ,  ,  ,  and mean SS mean IG mean SS IGSu f f f FAu F , which were interpolated using a 

shape-preserving piecewise cubic algorithm onto a uniform 0.01 m grid extending from 

offshore (x = -4.0 m) to near the shoreline (x = 14 m) (Buckley et al. 2015a). Over this 

domain, the cross-shore spacing between wave gauges varied from 0.19 m (~1/40 of the 

incident wave length) in the surf zone to 1.7 m (~1/4 of the incident wave length) on the 

reef flat (Figure 4.1). At each grid location, the mean bottom stress was evaluated from 

the interpolated observations via Eq. (4.2), where Ub and bu  were evaluated via Eq. 

(4.12) and (4.13), respectively. The radiation stresses (Sxx and Rxx) were evaluated from 

the interpolated observations via Eq. (4.6) and Eq. (4.7), respectively. Cross-shore 

pressure and radiation stress gradient terms were computed using central differencing. 

The contributions of radiation stress gradients and mean bottom stresses to the setup 

response were evaluated by “predicting” setup across the reef, via Eq. (4.1) as (e.g., 

Raubenheimer et al. 2001; Buckley et al. 2015a): 

0

2
0

0
( )1 1 ,

x
xx xx

pred b
x

S h dx x
g x x

R
h

  (4.15) 

where the integration was initialized at a seaward deep-water boundary x0 (x0 = -4 m in 

Figure 4.1), where we assume  (x0) = 0, and was evaluated iteratively using 

trapezoidal integration. 

4.3.5. Uncertainty estimates 

Using the same resistance-type water level gauges, Buckley et al. (2015a) 

estimated uncertainties of ± 0.5% outside of the surf zone and ± 1.5% within the surf 

zone of the measured range for time-averaged water levels. Likewise, uncertainties 

were estimated to be ± 2% outside of the surf zone and ± 7% inside the surf zone for 

parameters proportional to wave height squared (e.g., wave energy and radiation 

stresses). The larger uncertainty values within the surf zone are due to aeration of the 

water column during wave breaking (Stive and Wind 1982). The effect of these 

uncertainties on the cross-shore integration of Eq. (4.1) and (4.15) was assessed by 

performing 100 Monte Carlo simulations, where uncertainties were modeled as having 

zero-mean Gaussian random distributions with a standard deviation equivalent to the 

uncertainty. 
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Figure 4.3: (A) Wave height (Hrms) and (B) wave setup ( ) across (C) the fringing reef 
profile for Run 4 both including (“rough”) and without (“smooth”) roughness. Vertical 
error bars show the uncertainties due to instrument accuracy and are negligible here (see 
Section 4.3.5). 

4.4. Results 

4.4.1. Wave transformation and setup dynamics 

Buckley et al. (2015a) describe the dynamics of wave transformation and 

resulting setdown and setup for the smooth runs; here we specifically focus on the 

dynamical differences due to the inclusion of bottom roughness. Following Buckley et 

al. (2015a), we first outline the results from a moderate case (Run 4), which had a 

relatively large (0.12 m; 4.3 m in field scale) deep water wave height and an 

intermediate (0.04 m; 1.4 m in field scale) still water depth (Table 4.1). Compared to 

Run 4 over the smooth bottom, including roughness led to a slightly reduced wave 

height at the breakpoint and across the reef flat (Figure 4.3A). This pattern was 

consistent across all runs (Figure 4.4A). The wave height-to-water depth ratios on the 

reef flat were also lower for runs with roughness (Figure 4.4B), due to increased 

frictional wave dissipation on the reef flat. From the dimensions and spacing of the 
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roughness elements and the wave forcing, the wave friction factor predicted using the 

canopy flow equations of Lowe et al. (2007) is fw = 0.16. Using Eq. (4.9) and (4.10) 

along with the wave energy dissipation rate ( ( ) / )SS IGF F x  measured on the reef flat 

shoreward of surf zone where wave breaking was absent (x > 8m), we find a 

comparable fw = 0.2 for all runs with roughness. The value fw = 0.2 is also within the 

typical range for many coral reefs; for example, fw = 0.15 (Nelson 1996), fw = 0.22 

(Falter et al. 2004), and fw = 0.24 (Lowe et al. 2005b). 

Figure 4.4: (A) Comparison of the rms wave heights (Hrms) and (B) wave height-to-
water depth ratios ( /rmsH h ) on the reef flat for runs including (“rough”) and without 
(“smooth”) roughness. 

Setup profiles for Run 4 were similar between the rough and smooth runs 

(Figure 4.3B); however, we note that there were differences near the reef crest (x = 0 m) 

and that setdown for the smooth Run 4 was twice that of the rough Run 4 (Figure 4.3B). 

On average across all runs, setdown was 80% larger for the smooth runs than the rough 

runs (Figure 4.5A). Of particular interest is setup on the reef flat, which was relatively 

constant for x > 4 m (Figure 4.3B). As such, following Buckley et al. (2015a), we define 

the representative setup on the reef flat r  as the spatially-averaged  between 

x = 4 - 10 m (Figure 4.3B). Despite differences in the wave height profiles and  near 

the reef crest, for Run 4 r  was identical ( r  = 0.043 m) for both the rough and smooth 

runs (Figure 4.3B). On average across all runs, there was only a 7% difference in r  

between rough and smooth runs (Figure 4.5B). The total setup generated ( ), defined 

as the difference between maximum setdown and r , was larger in the smooth runs, 

with the exception of Run 1 that had the smallest  (Figure 4.5C). 
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Figure 4.5: (A) Comparison of maximum setdown, (B) setup on the reef flat ( r ), and 
(C) setup generation ( ) for runs including (“rough”) and without (“smooth”) 
roughness. Solid red lines give the linear least squares trend lines (“fit”) and dashed red 
curves give the upper and lower bounds of the 95% confidence interval (“CI”) for the 
trend line. Vertical and horizontal error bars show the uncertainties due to instrument 
accuracy (see Section 4.3.5). Note the scale change between (A) and (B) and (C), which 
renders error bars in (B) and (C) less visible. 

4.4.2. Evaluation of the mean bottom stress 

To relate the observations of  to the mean momentum balance, we first 

integrate Eq. (4.1) in the cross-shore direction: 

0 0 0

2
01 0,

x x x
xx xx

d b b
x x x

S hdx gh dx C u
R

x
x x

u d
x

(4.16) 

where the bounds of integration were taken from seaward of the breakpoint (x0 = -4 m) 

to a point on the reef flat (x = 4 m) shoreward of the surf zone where  becomes 

relatively constant (i.e., ( ) rx ). We note that the cross-shore integrated radiation 

stress gradient is only dependent on the endpoint values, allowing us to restate the term 

as .xx xxS R  Buckley et al. (2015a) found that for the smooth runs where 0,b  

Eq. (4.16) reduced to a balance between the cross-shore integrated pressure and 

radiation stress gradients (red circles approximately along the 1:1 line in Figure 4.6). 

Conversely for runs with roughness, the cross-shore integrated pressure gradient was 

typically larger than the cross-shore integrated radiation stress gradient (black squares 

in Figure 4.6). Assuming the momentum balance (Eq. (4.16)), these differences should 

be accounted for by the contribution of the cross-shore integrated mean bottom stress 

term. 
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Figure 4.6: Comparison of the cross-shore integrated radiation stress ( xx xxS R )
and pressure gradient terms for runs including (“rough”) and without (“smooth”) 
roughness. Vertical and horizontal (generally not visible) error bars show the 
uncertainties due to instrument accuracy (see Section 4.3.5). 

Figure 4.7: Comparisons of the observed (“obs”) and predicted (“pred”) time-averaged 
(A) rms wave velocities ( bu ) and (B) mean velocities (Ub). Data are shown for both 
smooth runs (open circles) and with roughness (open squares). Dashed lines give the 
linear least squares trend lines while the solid line indicates 1:1. 
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Figure 4.8: (A) Ursell number (a measure of wave nonlinearity; Doering and Bowen 
1995) and (B) velocity skewness (Su) and asymmetry (Au) are shown over (C) the 
bathymetric profile for runs including roughness. In (B) small filled squares and 
connecting lines are Su and Au approximated from water level time-series and large 
open squares are values calculated from the velocity time-series. 

To evaluate the mean bottom stress term via Eq. (4.2) requires estimates of the 

bulk bottom drag coefficient (Cd) and the instantaneous free-stream near-bottom 

velocity (ub). The near-bottom velocity (ub) was estimated as the sum of a mean current 

component and a nonlinear wave component (following Eq. (4.12) and (4.13), 

respectively). The rms wave velocity was determined via linear wave theory based on 

the observed wave field. At locations where velocity was measured the estimated wave 

velocities agreed with the observations (r2 = 0.96; slope = 1.01; Figure 4.7A). As the 

waves and corresponding velocities demonstrated nonlinear characteristics (Figure 4.8), 

velocity skewness (Su) and asymmetry (Au) were included via the periodic forcing 

function in Eq. (4.13). The mean current velocities predicted based on the wave and 

wave roller mass flux also compared well with observations (r2 = 0.89; slope = 0.94; 

Figure 4.7B). From Eq. (4.16), a representative Cd was estimated as the least-squares 

slope between the sum of the cross-shore integrated pressure and radiation stress 

gradients and the cross-shore integrated velocity term from all runs including roughness 

(e.g., Feddersen and Guza 2003) (Figure 4.9). This yielded Cd = 0.028 (r2 =0.7), which 

is an order of magnitude larger than that typically found on smooth sandy beaches 

O(0.001) (e.g., Faria et al. 1998), but within the range from 0.02 to 0.1 reported for 

coral reefs (Lowe et al. 2009a; Rosman and Hench 2011). 
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Figure 4.9: Comparison of the cross-shore integrated time-averaged velocity term with 
the sum of the cross-shore integrated pressure and radiation stress gradient terms for 
runs including roughness. Per Eq. (4.16), the linear least squares trend line (“fit”; solid 
red lines) gives the estimated bulk bottom drag coefficient (Cd = 0.028) cross-shore 
averaged and averaged across all runs with roughness. The dashed red curves show the 
upper and lower bounds of the 95% confidence interval (“CI”) for the trend line. 
Vertical error bars show the uncertainties due to instrument accuracy (see Section 
4.3.5). 

4.4.3. Predicted wave setup 

The estimated radiation stresses and mean bottom stresses (computed using 

Cd = 0.028 and ub) were used to predict the cross-shore setup profiles via Eq. (4.15) and 

compared with the observed setup (Figure 4.10 and 4.11). For Run 4 with roughness 

(Figure 4.10), neglecting b  (Cd = 0) resulted in a 16% underprediction of r , which 

was reduced to only 2% when b  (Cd = 0.028) was included (Figure 4.10). Across all 

runs with roughness, r  was underpredicted by 18% on average when b  was neglected 

(Figure 4.11) compared to 7% when b  was included with Cd = 0.028 (Figure 4.11). 

Neglecting infragravity waves decreased the predicted r  by only 3% on average. 
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Table 4.2: The instantaneous near-bottom velocity (ub) was composed of a near-bottom 
current (Ub) and a wave component ( bu ) that had both asymmetry (Au) and skewness 
(Su) (Figure 4.7B). The full velocity approximation following Eq. (4.12) and (4.13) is 
presented in row four, as well as velocity estimates neglecting: 1) bu  and the 
contribution of the wave roller mass flux (Mr), 2) bu , and 3) Au and Su. These velocity 
approximations are implemented in various classes of models as indicated in the 
“application” column. Large discrepancies in the predicted velocities (Figure 4.11) 
result in variation in the bulk bottom drag coefficients (Cd) (Figure 4.12). 
Velocity 
approximation 

Application Cd 

 with 0b b ru U M Most analytical models 0.23 

b bu U Most models including a wave roller 0.066 

with 0
b b bUu u

Au Su
Most phase-averaged models including a wave 
roller 

0.027 

with  and 
b bbu u

Au S
U

u
Phase-resolving models and some phase-averaged 
models including a wave roller 

0.028 

4.4.4. Bottom stress decomposition 

Thus far, b  has been evaluated via Eq. (4.2) using velocity estimates that 

include contributions from near-bottom currents (Eq. (4.12)), wave velocities (Eq. 

(4.13)), and the interactions between the two. However, many analytical and numerical 

models estimate ub in differing ways and generally only resolve certain contributions to 

the true velocity field, as summarized in Table 4.2. Figure 4.12 shows a comparison of 

b bu u  calculated using the observed velocity from locations with current meters on the 

reef flat (Figure 4.1) with b bu u  predicted via Eq. (4.12) and Eq. (4.13) and with 

various individual contributions to ub neglected (see Table 4.2). The full velocity 

estimate using Eq. (4.12) and (4.13) (i.e., bb bUu u  with Au and Su calculated from 

observations) provides the best match to the observed velocities (r2 = 0.8 and 

slope = 0.98, Figure 4.12). For the other methods in Table 4.2, the agreement between 

observed and predicted b bu u  deteriorates as various velocity contributions are 

neglected (Figure 4.12). As b bu u  directly relates to the mean bottom stress, this 

demonstrates the sensitivity of b  to which components of a combined wave-current 

velocity field are resolved (e.g., as are assumed within different classes on numerical 

models; Table 4.2). 
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Figure 4.10: (A) Shoreward wave energy flux from sea-swell ( SSF ) and infragravity (

IGF ) waves, (B) radiation stresses (Sxx + Rxx), and (C) mean bottom stresses ( b ) across 
(E) the fringing reef profile for Run 4 including (“rough”) and without (“smooth”) 
roughness. (D) Radiation stress gradients and mean bottom stresses were used to 
predicted (“pred”) setup ( ) via Eq. (4.15) and compared with observations (“obs”). 
For the smooth run,  was well predicted without b  (i.e., Cd = 0). However, for the 
rough run  was underpredicted without b  (i.e., Cd = 0) but was well predicted with 
the estimated  (Cd = 0.028). b
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Figure 4.11: Comparison of observed (“obs”) and predicted (“pred”) wave setup on the 
reef flat ( r ) for runs with roughness. Wave setup is predicted from observation of 
radiation stress gradients via Eq. (4.15) neglecting (red circles; Cd = 0) and including 
(black squares; Cd = 0.028) the predicted mean bottom stress. 

Here, we repeat the analysis performed in Figure 4.8 with the various 

implementations of ub described in Table 4.2 (Figure 4.13). This allows us to 

quantitatively assess how neglecting various contributions to ub affect empirical 

estimates of the bulk bottom drag coefficient Cd that is the basis for predicting b

(Figure 4.13). The range of different classes of numerical models in Table 4.2, can thus 

be expected to reproduce b bu u  with varying accuracies and bias (Figure 4.12). For 

example, neglecting the role of unsteady wave velocities ( bu ) results in a significant 

underprediction of b bu u . Conversely, neglecting velocity nonlinearity (i.e., assuming 

Au = Su = 0) slightly overpredicts b bu u  (Figure 4.12). Local inaccuracies in the 

predicted b bu u  can therefore result in both higher and lower predictions of the cross-

shore integrated b bu u  term (Figure 4.13), which thus requires adjusting Cd in order to 

balance the sum of the cross-shore integrated pressure and radiation stress gradients per 

Eq. (4.16) (Figure 4.13; Table 4.2). As a result, Cd estimates using these various 

approaches range by nearly an order of magnitude (0.027 and 0.23) when applied to the 

identical dataset (Table 4.2). Neglecting both wave velocities and the wave roller (i.e., 

ub = Ub with Mr = 0) yielded the smallest estimate of b bu u  (Figure 4.12) and hence the 
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largest Cd = 0.23 (a factor of 8 larger than Cd = 0.028; Figure 4.13; Table 4.2). 

Neglecting Au and Su (i.e., bb bUu u  with Su = Au = 0) yielded the smallest 

Cd = 0.027 (albeit only 4% less than Cd = 0.028; Figure 4.13; Table 4.2). These results 

highlight a possible non-physical source of variability and uncertainty in Cd based on 

estimates from various field studies and numerical model applications to coral reefs 

with large bottom roughness (see Lowe et al. (2009a) and Rosman and Hench (2011) 

for a review of Cd values reported on coral reefs). 

Figure 4.12: Comparisons of the observed (“obs”) and predicted (“pred”) velocity term 

b bu u  relevant to the calculation of mean bottom stress per Eq. (4.2), for instrument 
sites with velocity data on the reef flat. Data are shown for both smooth runs (open 
circles) and with roughness (open squares). Dashed linear least squares trend lines are 
shown for each method of predicting velocity (Table 4.2). The estimated velocity used 
in this study (shown in black) includes a near-bottom current (Ub) and a wave 
component ( ) with velocity asymmetry (Au) and skewness (Su). bu
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Figure 4.13: The velocity approximations given in Table 4.2 and Figure 4.11 were used 
to compute the cross-shore integrated time-averaged velocity term in Eq. (4.16) (x-axis) 
and compared with the sum of the cross-shore integrated pressure and radiation stress 
gradients (y-axis) for runs with roughness. Per Eq. (4.16), the linear least squares trend 
lines (dashed lines) give the estimated bulk bottom drag coefficients (Cd) for each 
velocity approximation (values given in legend). The estimated velocity used in this 
study (shown in black) includes a near-bottom current (Ub) and a wave component ( bu ) 
with velocity asymmetry (Au) and skewness (Su). 

4.5. Discussion 

The presence of bottom roughness has two principal effects relevant to the 

calculation of wave setup:  

1) the cross-shore distribution of wave energy is modified, and

2) mean bottom stresses are generated.

In mechanism (1), frictional wave dissipation results from the work done by bottom 

roughness resistance forces on wave velocities and is parameterized per Eq. (4.10) as 

being proportional to 3
bu  and fw. In mechanism (2), mean bottom stress is generated by 

the time-averaged resistance forces exerted by the bottom roughness on the combined 

wave-current velocities, and is parameterized per Eq. (4.2) as being proportional to 
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b b
u u  and Cd. Both Cd and fw are a function of the flow characteristics and the physical 

scale of bottom roughness (Nielsen 1992). However, fw is typically found to be an order 

of magnitude or larger than Cd in the presence of roughness (see Nielsen (1992) for a 

review). For example, in this study we found Cd = 0.028 and fw = 0.2 on average for 

runs that included roughness. 

 Through the first mechanism, we found that the inclusion of bottom roughness 

resulted in the frictional dissipation of wave energy seaward of the breakpoint (Figure 

4.3, 4.4, and 4.10A). This redistribution of wave energy (Figure 4.10A) resulted in an 

average 13% decrease in the Hrms at the breakpoint and an average 26% decrease in 

maximum radiation stresses (Sxx + Rxx) when comparing the rough runs to the smooth 

runs (shown for Run 4 in Figure 4.10B). As a result, despite the magnitude of the cross-

shore integrated radiation stress gradients being 9% larger on average when roughness 

was included (Figure 4.6), r  predicted from the radiation stress gradients (neglecting 

mean bottom stresses; Cd = 0) was on average 18% less for the rough runs compared to 

the smooth runs (Figure 4.11). However, through the second mechanism, mean bottom 

stresses for the rough runs increased the predicted r  by 16% on average compared to 

predictions neglecting mean bottom stresses (Figure 4.11). Mechanisms (1) and (2) thus 

counteracted each another, and despite modifying the setdown and changing the 

partitioning of radiation stress gradients and mean bottom stresses, the roughness did 

not considerably alter the final values of setup on the reef flat, which differed less than 

10% on average for corresponding rough and smooth runs (Figure 4.3 and 4.5). 

 Mechanisms (1) and (2) apply generally to nearshore systems governed by Eq. 

(4.1), including many relatively alongshore-uniform reefs and beaches. However, in 

contrast to our experimental findings, numerical model predictions (Apotsos et al. 2007; 

Franklin et al. 2013) have suggested there can be appreciable increases in setup due to 

bottom roughness principally through mean bottom stresses. 

 By neglecting frictional wave dissipation in their phase-averaged wave 

transformation model (i.e., neglecting mechanism (1)) and using a Cd = 0.028 in the surf 

zone to predict mean bottom stresses (hence the same Cd we found in our study), 

Apotsos et al. (2007) estimated that 30% of the setup response on a sandy beach was 

due to bottom roughness. Although frictional wave dissipation is commonly assumed to 

be small compared to wave breaking dissipation on sandy beaches (e.g., Guza and 

Thornton 1981), wave friction factors (fw) typically are an order of magnitude larger 

than the drag coefficient (Cd) used to estimate bottom stresses. Thus given the 
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Cd = 0.028 used by Apotsos et al. (2007) to predict mean bottom stresses, one would 

also expect a correspondingly large fw to have resulted in modifications to the wave 

field in their study. In our experiments, if we neglected the frictional wave dissipation 

(mechanism 1) by using the smooth simulations but include mean bottom stresses with 

Cd = 0.028 (mechanism 2), an average 25% increase in setup is predicted via Eq. (4.15) 

across all runs, thus comparable to the 30% increase predicted by Apotsos et al. (2007). 

In another numerical study, Franklin et al. (2013) reported a ~20% increase in setup due 

to roughness across a fringing reef. They based their study on numerical simulations 

with a phase-resolving Reynolds-Averaged-Navier-Stokes (RANS) model of the 

smooth laboratory reef experiments of Demirbilek et al. (2007), and assessed how setup 

responded to increasing Nikuradse roughness coefficients between 0 and 0.05 m 

(corresponding to Cd = 0 to ~0.01). Inconsistent with our findings, they predicted that 

an increase in the roughness coefficient increased the mean bottom stress without 

resulting in any significant reduction in wave heights at the breakpoint (Franklin et al. 

2013). This creates a dynamic similar to Apotsos et al. (2007), where wave forces are 

held relatively constant and mean bottom stresses are increased.  

 Ultimately, the accuracy of theoretical and numerical model predictions of setup 

over rough bottoms will be determined by both the representation of wave 

transformation (see Buckley et al. 2015a) and the prediction of mechanisms (1) and (2). 

Although the RANS model used by Franklin et al. (2013) incorporates a more 

physically-complete description of wave transformation and other dynamics compared 

to phase-averaged models, a single bulk bottom drag coefficient is applied within these 

models irrespective of type of flow (i.e., wave versus current). Such an approach does 

not account for the known differences between fw and Cd in the presence of roughness 

(Nielsen 1992). Alternatively, in coupled phase-averaged wave and flow models, fw and 

Cd are often independently varied. This was done in a recent numerical study aimed at 

predicting the hydrodynamic impacts of climate change on coral reefs by Quataert et al. 

(2015) (Van Dongeren et al. 2013). In agreement with the 

mechanisms (1) and (2) discussed above, Quataert et al. (2015) theoretically predicted 

decreasing setup with increasing fw (mechanism (1)) and increasing setup with 

increasing Cd (mechanism (2)). However, Quataert et al. (2015) lacked data to validate 

their numerical predictions and a physical basis for how fw and Cd should be related. 

These numerical studies highlight the need for a more precise method of modelling 

mechanisms (1) and (2) in both phase-resolving and phase-averaged numerical models. 
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 Although not considered in traditional nearshore models (e.g., Franklin et al. 

2013; Quataert et al. 2015), nor explicitly in either Eq. (4.2) or Eq. (4.10), it is the 

velocity terms 3u  and u u  within the “roughness-sublayer” (or “canopy”) (not above) 

that interact with roughness to generate wave dissipation and mean bottom stresses, 

respectively. For large roughness, previous studies have shown these velocities within 

the canopy are both reduced compared to those above and that the attenuation is 

frequency dependent; being most attenuated in a unidirectional flow (Lowe et al. 2005a; 

Luhar et al. 2010; Zeller et al. 2015). Traditionally, Eq. (4.2) and Eq. (4.10) are cast in 

terms of the velocities at the top of the roughness (e.g., Apotsos et al. 2007; Franklin et 

al. 2013; Quataert et al. 2015). As such, in addition to relating the local flow velocities 

to the resistance forces and the work done by resistance forces, respectively, Cd and fw 

must also account for the attenuation of velocities within the canopy that modify the 

velocities directly interacting with the roughness elements. The attenuation of velocities 

within canopies has previously been modeled by treating the canopy as a sub-layer 

using a spatially- and depth-averaged momentum equation (Nepf and Vivoni 2000; 

Lowe et al. 2005a; Zeller et al. 2015). Canopy flow models have been successfully used 

to predict the frequency dependent dissipation of wave energy without the need to 

specify differing empirical coefficients for waves and currents (Lowe et al. 2007; 

Jadhav et al. 2013). Thus, implementing canopy flow dynamics into existing numerical 

models, such as those used by Franklin et al. (2013) and Quataert et al. (2015), should 

improve the representation of mechanisms (1) and (2) and allow for more accurate 

numerical predictions of setup under different bathymetric configurations, 

hydrodynamic conditions, and roughness characteristics. 

 While the present study specifically focuses on how bottom roughness 

influences setup over a representative fringing coral reef profile, the results are also 

expected to be broadly applicable to other nearshore systems with large roughness (e.g., 

due to vegetation, coarse sediment, bedforms). The setup response to roughness will be 

determined by both the response of the radiation stress gradients (mechanism (1)) and 

the mean bottom stress (mechanism (2)). In many environments, as was the case here, 

the two mechanisms may cancel resulting in no appreciable change in setup at the 

shoreline. However, in other environments the specific physical setting may result in 

one of the mechanisms becoming more important, resulting in a net setup response to 

roughness. For example, if our experiments were repeated with a smooth reef slope and 

rough reef flat, it is expected that setup would be marginally increased as frictional 

wave dissipation on the reef slope prior to wave breaking would be reduced (i.e. 
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reducing mechanism (1)). Conversely, in the more likely scenario where spatially-

variable coral die-off on a shallow reef flat results in a smoother reef flat but roughness 

is maintained on the reef slope (e.g., Quataert et al. 2015), it is expected that setup 

would decrease. In addition, on slopes steeper than the 1:5 slope used here, the setup 

response to roughness would be expected to increase, as less frictional wave dissipation 

would be expected to occur prior to wave breaking. Conversely, on milder reef slopes 

the opposite could occur. On reefs with open lagoons (i.e., barrier reef systems and 

atolls), as well as other systems where local-continuity does not drive undertows and 

corresponding offshore directed mean bottom stresses, it is expected that roughness will 

reduce setup. As hypothesized by Dean and Bender (2006) in the most extreme example 

and consistent with the mechanisms we observed, setdown rather than setup would be 

expected for positively skewed waves interacting with roughness to generate onshore 

directed mean bottom stresses in the absence of wave breaking or an undertow. 

 

4.6. Conclusions 

 High-resolution laboratory observations were used to investigate the dynamics 

of wave setup across a fringing reef profile using scaled roughness elements to mimic 

the large bottom roughness of coral reefs. Sixteen offshore wave and still water level 

conditions were considered, first with a smooth bottom (results detailed in Buckley et 

al. 2015a) and then with a staggered array of cubes mimicking the bulk wave frictional 

dissipation of reefs. In contrast to previous numerical studies (Apotsos et al. 2007; 

Franklin et al. 2013), setup on the reef flat for corresponding rough and smooth 

simulations was found to agree with an average difference of only 7%. The similarity in 

setup was explained through the detailed assessment of the cross-shore mean 

momentum balances using the observations, which revealed that roughness both 

modified radiation stress gradients due to frictional wave dissipation, and generated 

offshore-directed mean bottom stresses. These two mechanisms acted counter to one 

another, resulting in the observed similarities in setup on the reef flat between rough 

and smooth runs. When neglecting mean bottom stresses, frictional wave dissipation 

resulted in radiation stress gradients that were predicted to generate 18% (on average) 

less setup on the reef flat for rough runs than smooth runs. However, mean bottom 

stresses for runs with roughness increased the predicted setup by 16% on average 

compared to neglecting mean bottom stresses. With both frictional wave dissipation and 

mean bottom stresses accounted for, setup on the reef flat was accurately predicted 

across all runs with roughness. Comparison of our findings with previous numerical 
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model predictions highlights the need for an improved framework to predict the setup 

response to both frictional wave dissipation and mean bottom stresses associated with 

bottom roughness. 
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5. General Discussion 
 

5.1. Introduction 

 The steep slopes and large bottom roughness of coral reefs contrast with the 

milder slopes and smoother bottoms of sandy beaches where most historical research on 

surf zone processes has been targeted. These physical characteristics of reefs may thus 

explicitly violate the underlying assumptions and applicability of existing surf zone 

models when applied to reef systems. This thesis was directed at examining wave and 

setup dynamics on steep slope fringing coral reefs. Laboratory datasets provided the 

high-spatial resolution measurements required to resolve these dynamics, as data is yet 

to be measured with adequate resolution in the field. The state of surf zone modeling on 

reefs prior to this thesis was assessed in chapter two by applying three commonly used 

numerical models to reproduce wave and setup measurements on a steep 1:11 

laboratory fringing reef profile from a previous experiment. The cross-shore distribution 

of wave setup was identified as a key indicator of model performance, as predicting this 

distribution requires precise reproduction of both the wave field and bottom stresses. In 

chapter three, the dynamics of wave setup were evaluated with new and much higher 

spatial-resolution observations collected in a 1:36 scale wave flume with a smooth 

bottom and characteristic fringing reef profile. Finally in chapter four, the effect of large 

bottom roughness on wave setup was determined by comparing the results from the 

smooth laboratory flume experiments with the same experiments conducted including 

scaled roughness elements. 

 

5.2. Model evaluation (chapter 2) 

 Focusing on wave breaking and wave setup dynamics, we reviewed three widely 

used open-source nearshore wave models and assessed their performance in 

reproducing laboratory observations across a steep fringing reef profile under a range of 

different conditions. These models were: 1) SWASH (Zijlema et al. 2011); 2) SWAN 

(Booij et al. 1999) (Roelvink et al. 2009). SWASH is a phase-resolving 

nonlinear shallow water wave model with added non-hydrostatic terms, which solves 

the time-dependent momentum and conservation equations without including a wave 

roller term. Wave breaking is modeled implicitly through the use of a shock capturing 

momentum scheme (Smit et al. 2013). However, a wave steepness criteria controlled by 

the coefficient  is used to turn off non-hydrostatic terms for breaking waves and 

enhance breaking dissipation. SWAN is a phase-averaged spectral wave model, which 
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is either run as a standalone model or coupled with a flow model. As a standalone 

model, for the calculation of setup SWAN evaluates the time-averaged (mean) 

momentum without a roller and without mean bottom stress. Linear wave theory 

radiation stresses are used with the cross-shore distribution of wave energy predicted by 

evaluating the wave action equations (Bouws et al. 1985), where wave breaking is 

a coupled phase-averaged spectral wave model 

(applied to modeling sea-swell waves) and a nonlinear shallow water model (applied to 

modeling infragravity waves). Sea-swell waves are modeled with the wave action 

equations (Bouws et al. 1985). Infragravity waves and wave setup are modeled with 

time-dependent momentum and conservation equations evaluated on the wave group 

time-scale (Roelvink et al. 2009). 

 Previously, Lowe et al. (2009b), Hoeke et al. (2011), Storlazzi et al. (2011), 

Filipot and Cheung (2012) applied SWAN and Pomeroy et al. (2012) and Van 

Dongeren et al. (2013) applied  field studies of coral reefs. Zijlema (2012) 

and Torres-Freyermuth et al. (2012) applied SWASH to laboratory and field datasets of 

coral reefs. However, little validation of these models had been conducted for 

application to coral reefs, and most importantly, no inter-comparison of these models 

had been performed. In this thesis, we consistently applied each model to the 29 

laboratory test conditions of Demirbilek and Nwogu (2007), which incorporated a wide 

range of incident spectral wave conditions and still water levels. Models were assessed 

for their performance in predicting sea-swell wave heights, infragravity wave heights, 

wave spectra, and setup at 5 locations across the fringing reef profile.  

 Simulations were performed with the “recommended” (“default”) empirical 

coefficients as documented for each model. This yielded on average 12%, 22%, and 

40% errors in the combined sea-swell and infragravity rms wave heights on the reef flat 

and on average 17%, 61%, and 13% errors in wave setup on the reef flat for SWASH, 

sea-swell rms wave 

heights on the reef flat yielded on average 9%, 23%, and 6% errors in the combined sea-

swell and infragravity rms wave heights on the reef flat and on average 18%, 39%, and 

respectively. These errors are viewed as reasonable considering that the steep (1:11) 

reef slope explicitly violates the mild-slope and other fundamental assumptions that 

underpin the numerical models. However, a partial explanation of the good agreement 

with observations, may be owing to the tuning of empirical coefficients and hence may 

not be physically meaningful. Indeed, in many cases tuning model parameters to best 
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reproduce the observed wave height decay resulted in a reduction in the accuracy of 

wave setup predictions, which indicates a fundamental breakdown in the theoretical 

relationship between the predicted radiation stress gradients and the observed wave 

setup. However, as detailed surf zone measurements were not available, it was not 

possible to further evaluate the details of wave and setup dynamics and the source of 

this discrepancy. 

 

5.3. Wave setup dynamics on a smooth reef profile (chapter 3) 

 The general lack of detailed surf zone measurements on reefs was rectified by 

conducting the high-resolution laboratory experiment detailed in chapters three and 

four. In these chapters, we utilized new datasets to evaluate the time-averaged cross-

shore momentum equation from observations of water levels and velocities, rather than 

the traditional approach of using empirical models to predict wave transformation 

through the surf zone.  

 These high-resolution laboratory observations were used to investigate the 

dynamics of wave setdown and setup across the steeply-sloping fringing reef profile. 

The one-dimensional profile with a smooth bed reduced the cross-shore mean 

momentum equation to a balance between the pressure and radiation stress gradients. 

This balance was evaluated using observations at seventeen locations across the reef 

profile for sixteen offshore wave and water level conditions. Radiation stress gradients 

calculated from observations using linear wave theory under predicted setdown (8 of 16 

runs; by up to 77%) and setup (12 of 16 runs; by up to 31%), with the inaccuracy 

increasing with increased offshore wave height. For the twelve runs where setup was 

under predicted (all having Hrms,0  2.2 m in field scale), including a wave roller in the 

estimation of radiation stress gradients reduced the under prediction of setup from 21% 

to 3% on average. The wave roller accounts for an initial transfer of potential energy to 

kinetic energy during wave breaking thereby shifting the dissipation shoreward in line 

with pressure gradient observations. Evaluating the wave roller required a single 

parameter, the wave roller inclination angle, which was found to be linearly related to 

our estimates of the wave front inclination angle derived from the wave gauge 

observations. This relationship, combined with the improved agreement with the 

observed setdown/ setup profiles, suggests a physical basis for the wave roller. The 

wave roller was found to be most important for relatively large incident wave cases; 

therefore, under the conditions most critical to coastal hazard assessment. 
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5.4. Wave setup dynamics on a reef profile with large roughness (chapter 4) 

 High-resolution laboratory observations were used to investigate the dynamics 

of wave setup across a fringing reef profile using scaled roughness elements to mimic 

the large bottom roughness of coral reefs. Sixteen offshore wave and still water level 

conditions were considered, first with a smooth bottom (as detailed in chapter three) and 

then repeated with a staggered array of cubes mimicking the bulk wave frictional 

dissipation of reefs. In contrast to previous numerical studies (Apotsos et al. 2007; 

Franklin et al. 2013), setup on the reef flat for corresponding rough and smooth 

simulations was found to agree with an average difference of only 7%. The similarity in 

setup was explained through the detailed assessment of the cross-shore mean 

momentum balances using the observations. This analysis revealed that the roughness 

both modified radiation stress gradient profiles due to frictional wave dissipation and 

generated offshore-directed mean bottom stresses. These two mechanisms acted counter 

to one another, resulting in the observed similarities in setup on the reef flat between 

rough and smooth runs. When neglecting mean bottom stresses, frictional wave 

dissipation resulted in radiation stress gradient profiles that were predicted to generate 

18% (on average) less setup on the reef flat for rough runs than smooth runs. However, 

mean bottom stresses for runs with roughness increased the predicted setup by 16% on 

average compared to neglecting mean bottom stresses. With both frictional wave 

dissipation and mean bottom stresses accounted for, setup on the reef flat was 

accurately predicted across all runs with roughness. Comparison of our findings with 

previous numerical model predictions highlights the need for an improved framework to 

predict the setup response to both frictional wave dissipation and mean bottom stresses 

associated with bottom roughness. 

 

5.5. Conclusions 

The results from this thesis support the following main conclusions: 

1. Wave setup is highly sensitive to the details of the bathymetry, radiation 

stresses, and mean bottom stresses. 

2. Although traditional nea

chapter two) may accurately reproduce some of the hydrodynamics on reefs, 

there are still deficiencies in the representation of wave transformation and 

bottom roughness. 
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3. Accurate modelling of radiation stresses in the surf zone using linear wave 

theory requires the inclusion of an additional source of radiation stress from a 

wave roller to account for inequality between potential and kinetic energy within 

breaking waves. 

4. Large roughness alters both radiation stresses and mean bottom stresses, both of 

which are important to the prediction of wave setup. As shown for a 

representative fringing reef profile in chapter four, in certain physical settings 

large changes in roughness may result in little net change to setup as frictional 

wave dissipation effects on radiation stress gradients and off-shore directed 

mean bottom stresses act counter to one another in the generation of setup. 

 

5.6. Future work 

This thesis has led to the following recommendations for future research: 

1. Analysis in chapters three and four revealed the importance of high-spatial 

resolution in evaluating surf zone gradients. Video analysis of the water surface 

is recommended to further increase the spatial resolution of observations within 

the surf zone region. 

2. In chapter three, the contribution from wave rollers to radiation stress was found 

to improve the agreement between the observed and predicted setup profiles. 

Wave roller theory indicates that the velocity field within breaking waves is 

enhanced compared to non-breaking waves and linear wave theory. New 

experimental studies using particle image velocimetry of the surf zone region is 

recommended to further investigate this finding, including how the partitioning 

of potential versus kinetic energy varies within the surf zone. 

3. In chapter four, canopy flow dynamics are discussed as a method of improving 

the representation of wave frictional dissipation and mean bottom stress within 

numerical models (e.g., those used in chapter two). Implementation and 

validation of such a model against the dataset detailed in chapters three and four 

is recommended. This should allow for more accurate numerical predictions of 

setup under different bathymetric configurations, hydrodynamic conditions, and 

roughness characteristics. 

4. Targeted field studies including detailed surf zone observations are 

recommended to build on the findings of this thesis, including extension to more 

complex reef systems.
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