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Abstract 

On sandy coastlines dunes provide a barrier of protection from strong 

environmental forces that can naturally occur during storm events including storm surges 

that expose the dunes to large waves. A set of laboratory experiments were used to 

investigate the morphological processes during the erosion of a steep dune face under 

bichromatic wave conditions for two different mean water level elevations, 

corresponding to storm surges and waves that collide with or overwash the dune. In the 

collision regime, episodic slumping due to the undercutting of the dune resulted in 

sudden erosional events followed by long periods of wave-driven reshaping at the dune 

toe. In the overwash regime, dune erosion was faster and occurred at a more consistent 

rate. Small scale bedforms (ripples) measured during the overwash test evolved in height 

faster and to greater overall heights than collision test while bedform lengths were not 

affected by the change in water level.  

A numerical model, XBeach, was calibrated to examine the ability to predict 

erosion of the steep dune due to waves in the two water level regimes. XBeach was not 

able to recreate the spatial variability of the significant wave height profile from the 

laboratory measurements; however, mean velocities were in good agreement with 

observations suggesting that bed shear stress is well estimated. During mobile bed 

simulations of erosion in the two regimes, the model was in agreement with measured 

dune erosion after initial adjustment. XBeach was very sensitive to several parameters 

that control the rate of erosion including the critical avalanching slope under water, the 

threshold water depth and the sediment transport formulation. The model did not perform 
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well at predicting erosion rates until these parameters had been modified. Overall, 

XBeach performed better when simulating dune erosion in the overwash regime than the 

collision regime. 
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  Water density kg∙m
-3

 

   Sediment density kg∙m
-3

 

  Standard deviation of ripple height m 

   Intrinsic wave frequency s
-1

 

   Bed shear stress kg∙m
-1

∙s
-2
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Chapter 1  

 General Introduction 

1.1 Motivation and Objectives  

Approximately 75% of the world’s ice free coastlines are mobile, made of either sand 

or mixed sand and rock (Brown, 2001). These mobile systems usually consist of a 

gradually sloping beach and a dune, where the dune is generally characterized by a large 

volume of material with a steep face at the landward edge of the beach. An example of a 

typical beach and dune system is shown in Figure 1.1. 

 

Figure 1.1: Typical dune profile (solid line) showing erosion due to a storm (dashed 

profile) as a result of storm surge (modified from van Thiel de Vries, 2009)  

 

 These mobile systems are extremely dynamic and are consistently being gently 

reshaped by wave action; typically this occurs offshore of the dune toe. However, 

extreme storm events with large waves combined with storm surges have the potential to 

cause massive, irreversible damage to dunes in a very short period of time. If dunes are 

overtopped, landward regions are exposed to flood waters and large waves, possibly 

resulting in damage to valuable infrastructure and loss of human life. As an example, 

Storm surge level 

Mean sea level 

Post-surge dune toe 

Pre-surge dune toe 
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Hurricane Katrina in 2005 caused widespread damage along the Atlantic coast of the 

United States. Over 1,800 people died (Knabb et al., 2005) and damage was estimated at 

108 billion USD (Blake et al., 2011). Much of the damage was attributed to storm surges; 

water levels along the coastline were in many locations 4 m above mean sea level, while 

in others, surges were as high as 10 m (Fritz et al., 2008). Storm surge allows waves to 

reach the dune face making them susceptible to erosion and overtopping. It is also 

important to note that due to global warming, sea levels are rising, and there is evidence 

that the rate at which they are rising will continue to increase (Willis et al., 2010; 

Nicholls and Cazenave, 2010). As a result, instances of increased water levels along 

coastlines are becoming more prevalent. In addition to the evidence of increasing 

intensity and frequency of storm events (Brown and McLachlan, 2002; Young et al., 

2011), dune systems worldwide are set to become increasingly vulnerable. 

 For these reasons, it is essential to be able to accurately predict the extent of dune 

erosion. To address this, Sallenger (2000) developed the Hurricane Impact Scale, which 

defined the extent of dune erosion based on the limits of wave run-up. The four regimes 

he proposed, namely swash, collision, overwash and inundation, have been widely used 

to classify observations of dune erosion. 

 Numerical models provide a cost and time effective method of estimating dune 

erosion. However, current models rely heavily on empirical and semi-empirical 

equations, instead of physically based formulations, to describe the complex processes of 

sediment transport and wave action (Dette et al., 2002). In particular the wave bottom 

boundary layer has a strong influence on the initiation of sediment transport (Doering et 

al., 2001) as well as on the formation of bedforms (Foster et al., 2000). Bedforms 
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strongly influence the transportation of sediment by influencing turbulence and the 

entrainment of sediment at the bed (Hanes et al., 2001). An understanding of these near-

bed flows is important for comprehension of sediment transport in the surf zone as well 

as for predicting morphological change.  

The (depth-averaged) numerical model XBeach (Roelvink et al., 2009) was 

developed in response to the massive damage caused by Hurricane Katrina in 2005. 

Designed specifically for dune erosion during extreme events, the model has performed 

well in some studies (e.g. Roelvink et al., 2009; van Thiel de Vries, 2009), although in 

other studies it was found that input parameters for the model are highly sensitive and 

that extensive calibrations are necessary (e.g. Splinter et al., 2011; Pender and 

Karunarathna, 2013). XBeach has also been shown to consistently over-predict erosion at 

the dune toe (van Dongeren et al., 2009). More applications of the model to laboratory 

and field data are required to determine its strengths and sensitivities, as well as to give 

users a better idea of the conditions for which the model performs well. 

 Considering the aforementioned, the objectives of the current study are: 

1) To conduct a laboratory experiment to study the erosion of a steep dune face due 

to bichromatic waves in both the collision and overwash regimes, focusing 

especially on the effect of different water levels on waves in the surf zone and on 

the rates of dune erosion and beach advance; 

2) To assess the performance of the numerical model XBeach for the present series 

of laboratory tests on dune erosion, and especially improve knowledge of the 

strengths and the sensitivities of the model for the collision and overwash 

regimes; and 
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3) To study the changes to the velocity flow field in the outer surf zone over a fixed 

bed, and in particular, understand the effect of breaking waves on the shape and 

thickness of the wave bottom boundary layer. 

 

1.2 Methodology 

The present laboratory experiments were conducted in the Queen’s University 

Coastal Engineering Research Laboratory wave basin. Two tests were performed which 

corresponded to 2 different dune erosion regimes, namely the collision and overwash 

regimes. The tests, which involved two different water levels, were carried out in two 

phases. In the first phase, the initial beach and dune profile was fixed to allow for detailed 

measurements of waves throughout the outer surf zone. In the second phase, the dune and 

beach profile was allowed to naturally deform under wave action so that observations of 

the time-dependent morphological evolution of the dune could be conducted. 

The numerical model XBeach was used to simulate the flow over the fixed bed, as 

well as the mobile bed phase of the aforementioned laboratory tests. For the fixed bed 

scenario, a sensitivity analysis was performed for input parameters affecting the 

significant wave height profile. Calibrated waves from the fixed bed simulations were 

used to drive the models of the morphological evolution of the dune. A sensitivity 

analysis was also performed for the input parameters affecting the shape and rates of 

dune erosion and beach advance.  

During the fixed bed test at the water level corresponding to the collision regime, 

measurements of the velocity flow profiles in the outer surf zone were also carried out. 
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An Acoustic Doppler Velocimeter was used at 17 locations, to conduct velocity 

measurements for the full flow profiles below wave troughs.  

 

1.3 Layout 

This thesis is presented in manuscript format.  

Chapter 2 presents the laboratory tests of the erosion of a steep dune for two 

different water levels under bichromatic waves. The instrumentation and methodology 

used in the tests are presented. The results of both the fixed bed and mobile bed 

experiments including the waves over the fixed bed as well as rates of dune evolution are 

discussed. 

Chapter 3 describes the calibration of the numerical model XBeach for model 

simulations of the laboratory tests described in Chapter 2. Sensitivity analyses for fixed 

and mobile beds are presented. 

Chapter 4 presents detailed measurements of bottom velocity that were conducted 

during the fixed bed, collision regime test. Profiles along the channel are compared with 

detailed measurements of waves at the surface to better understand the evolution of the 

near-bed region in the surf zone. 

Chapter 5 summarizes the main conclusions and findings of this thesis. 
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Chapter 2  

Wave-forced morphological evolution of a steep beach dune face due to 

bichromatic waves: Laboratory observations 

 

2.1 Introduction  

Sand dunes are a common occurrence on beaches worldwide. They are 

characterized by a large volume of sand with a steep face at the landward side of beaches, 

usually followed by a planar gradually sloping sand platform that extends to the water. 

An example is shown in Figure 2.1. 

 

Figure 2.1: Example of summer and winter typical sand dune profiles (WHOI Sea Grant 

Program, 2000) 

 

Dunes provide a protective barrier from storm events. For this reason, in some 

cases dunes have been engineered as the primary method of coastal defense such as in the 

Netherlands (Nordstrom and Arens, 1998). Severe weather events result in storm surges 

that expose dunes to wave attack. Consequences of damage to dunes include flooding, 

Dune 

Berm 

High Tide SWL 

Summer Profile  

Sandbar Winter Profile 

Sandbar 
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damage to valuable infrastructure and loss of human life. An example is Hurricane Sandy 

in the United States, which generated large waves and storm surges, severely eroding, 

flattening and breaching the protective dunes along the East coast of the United States 

(Lillibridge et al., 2013; Hapke et al., 2013). Because of the possibility for large scale 

damage, it is important to be able to predict the extent of dune retreat. With recent 

advances in computer science and technology, many efforts have been carried out to 

develop numerical models for these events. In particular, for the case of dune erosion, the 

numerical model XBeach was developed in response to the aftermath of Hurricane 

Katrina (Roelvink et al., 2009). The present limitation of these models is that they rely on 

empirical and semi-empirical equations instead of physically based formulations to 

describe complex processes (Dette et al., 2002). As such, their application to practice 

requires calibration of a very large number of parameters. Both laboratory and field data 

are required (Larson et al., 2004; Tomassichio et al., 2011) to address the underlying 

issues, namely: 1) to develop a better understanding of the physical phenomena; 2) to 

develop new or improved physically based formulations; and 3) to generate data to test 

and refine the numerical models. 

Considering the aforementioned, the purpose of this work is to conduct a laboratory 

study intended to serve as a foundation for the development and testing of dune erosion 

models. The present laboratory tests address the time-dependent morphological changes 

of steep sand dune faces in the dune collision and overwash regimes as defined by 

Sallenger (2000). As can be inferred from Section 2.2, which provides a review of 

previous laboratory studies, these regimes have so far been the subject of only a few 
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isolated studies. Bichromatic wave conditions are used in this work for reasons detailed 

in Section 2.3.  

2.2 Review of Previous Laboratory Experiments 

Table 2.1 provides a review of previous laboratory experiments on beach erosion 

conducted in wave flumes. Here, LF is flume length, WF is flume width, DF is flume wall 

height, mb is beach slope (offshore of the dune when a dune is present), md is dune face 

slope, D50 is median sand grain diameter, Hs is significant wave height, Tp is peak short 

wave period and h is water depth. The studies can be sub-divided into two types, as done 

in Table 2.1: studies focusing on the erosion of the planar gradually sloping sand region, 

and studies focusing on the retreat of steep dune faces. Most of the studies so far fall into 

the first type, with Table 2.1 providing a list of only some of the most prominent works 

on the erosion of the planar gradually sloping sand region. Among these, the works by 

Kajima et al. (1982) and Kraus and Smith (1994) (see also Kraus et al., 1992) merit 

special mention, because of the large scale of their experiments. 

In contrast, few studies have been carried out focusing specifically on dune erosion. 

These include the works by Vellinga (1986), in the 5 m wide Deltaflume in the 

Netherlands, Dette et al. (2002) who used the 5 m wide flume of the University of 

Hannover, Germany; van Gent et al. (2008) (see also van Thiel de Vries et al., 2008), in 

the Deltaflume previously mentioned; Palmsten and Holman (2012) (see also Splinter et 

al., 2011), in the 3.7 m wide flume of OSU, U.S.A; and Tomassicchio et al. (2011), in the 

3 m wide ‘Canal d’Investigació i Experimentació Marítima’ (CIEM) in Spain. Clearly 

these tests cover a limited number of conditions including water depth, grain size, dune 

slope and wave conditions. It is also relevant to consider them in view of the 
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considerations by Sallenger (2000) who, based on field observations, defined four types 

of interaction between waves and dunes, as follows: 

1) the swash regime where run-up reaches the foreshore only with reversible 

erosion; 

2) the collision regime where run-up reaches the dune face causing slumping and 

irreversible erosion; 

3) the overwash regime where run-up exceeds the dune crest; and 

4) the inundation regime, where the dune is completely submerged by storm surge 

and massive irreversible erosion occurs.  

These regimes are not fully represented in existing studies. Indeed, Dette et al. (2002), 

van Gent et al. (2008) and Palmsten and Holman (2012) focused exclusively on the 

collision regime while Tomassichio et al. (2011) appear to have been the only authors so 

far to systematically investigate the erosion of a dune in the overwash regime. The need 

for comprehensive laboratory and field data covering all regimes has been pointed out by 

Donnelly et al. (2006) and Tomassichio et al. (2011). 
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Table 2.1: Selected laboratory experiments using wave flumes separated by beach type. 

Experimental Study Waves* LF (m) WF (m) DF (m) mb (md) D50 (mm) Hs (m) Tp (s) h (m) 

Planar Gradually Sloping Beach: 
       

Chesnutt and Galvin (1974) R 16-30 0.7 0.16 1:10 0.2 0.11 1.9 0.7 

Sunamara and Horikawa 

(1974) 

R 25 0.8 1.5 1:10,1:20, 1:30 0.2, 0.7 0.034, 0.076 1, 2 - 

Watanabe et al. (1980) R 25 0.8 1.5 1:10, 1:20 0.2, 0 .7 0.026-0.12 1 - 2 - 

Kajima et al. (1982) M 205 3.4 6 1:10-1:50 0.27, 0.47 0.30-1.8 3-12 3.5-4.5 

Kraus and Larson (1988) M 194 4.6 6.1 1:15 0.22,0.4 0.55-1.68 4-16 3.5-4.6 

Kraus and Smith (1994) M, I 104 3.7 4.6 1:10-1:30 0.22 0.2-0.8 3-10 3 

Baldock  et al. (2010) M, I 9.5 1.01 0.5 1:10 0.2 0.05-0.15 0.9-2 0.34 

Baldock  et al. (2011) M, B,  I 100 3 5 1:30 0.25 0.2-0.5 3-6 2.5 

          

Steep Dune:          

Vellinga (1986) I 233 5 7 1:12.5 (1:1) 0.225 1.5-2 5.4-7.6 4.2-5 

Dette et al. (2002) M, I 324 5 7 1:30 (1:5 -1:20) 0.3 1-1.8 5.5 4 

van Gent  et al. (2008) I 233 5 7 1:90-1:35 (1:1.5) 0.2 1.5 4-7 5 

Palmsten and Holman (2012) I 107 3.7 4.6 1:10 (1:3) 0.23 1.3 4.9 4 

Tomasicchio et al. (2011) I 100 3 5 1:25   (1.2.3) 0.23 2.35-2.5 2.5-3 2.35, 2.50 

*R = Regular, M = Monochromatic, B = Bichromatic, I = Irregular
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2.3 Experimental Set-up and Description of Tests 

The present laboratory experiments were conducted in a 20.5 m long, 1.7 m wide 

and 0.70 m deep channel, installed in the rectangular wave basin (30 m long, 25 m wide) 

of the Queen’s University Coastal Engineering Research Laboratory (QUCERL). This is 

equipped with a 10.5 m long, piston-type wave paddle, which in the present tests was 

located 2.25 m from the end of the channel (its offshore side), so as to produce normally 

incident waves. The centerline of the channel coincided with the middle of the wave 

paddle. Before proceeding further, it should be noted that throughout this manuscript the 

position of a point, P, will be defined by means of the Cartesian coordinates x and z, 

where x is horizontal distance to the vertical wall at the landward side of the wave basin 

(where the present channel starts), and z is vertical distance measured with regard to the 

floor of the basin. 

In both tests the initial beach and dune profile was as shown in Figure 2.2a. This 

consisted of a mild offshore slope of 1:200 that transitions to a steep beach dune face 

with a slope of 1:1.3. The distance between the dune crest and the dune toe, measured 

vertically, was ≈ 0.45 m. The sand used in the present experiments was a fine silica sand 

with average grain size, D50 = 0.165 mm and grain size distribution as shown in Figure 

2.3 (where D is grain size). The coefficient of uniformity, Cu = D60/D10, and the 

coefficient of curvature Cc = D30
2
/D60D10 (Graig, 1975) were 1.59 and 0.947, 

respectively. 
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Figure 2.2: Laboratory experiment set up with water levels for both tests: (a) initial bed 

profile including the locations of all fixed wave probes as well as the instrumentation 

cart. Materials used for different regions of the profile are indicated; and (b) close up of 

the steep dune including nearshore instrumentation. 

 

 

Figure 2.3: Sand gradation graph supplied by sand manufacturer (Bell and Mackenzie, 

2012). 
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The tests correspond to two different still water levels (SWL), namely z = 0.40 m 

and z = 0.47 m. They differ from each other also because of the extent of the run-up on 

the dune face. In the following, these tests will be referred to as low water test (LW), and 

high water test (HW). In the LW test, run-up was limited to below the dune crest, while 

in the HW test it regularly overtopped the dune crest. Hence, the LW test corresponds to 

the collision regime, and the HW test corresponds to the overwash regime. The 

experimental conditions in each test are summarized in Table 2.2, where Tg is wave group 

period, L is local wavelength and Lo is the deep water wavelength. At the wave paddle, 

the value of flow depth h normalized by wavelength, h/L, was equal to 0.10 in the LW 

test, and 0.11 in the HW test. These values are smaller than the minimum value of 0.5 for 

deep water waves (Kamphuis, 2000). Each test was carried out in two phases as described 

below.  

 

Table 2.2: Summary of experimental test conditions. 

 LW test HW test 

SWL (m) 0.40 0.47 

Wave Conditions Bichromatic Bichromatic 

Hs at x = 21.2 (m) 0.16 0.15 

Tp (s) 2.1 2.1 

Tg (s) 22.1 22.1 

L at x = 21.2 (m) 4.0 4.3 

Lo (m) 7.2 7.2 

Dune Erosion Regime Collision Overwash 
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In the first phase the initial beach and dune profile shown (see Figure 2.2) was 

fixed so that detailed measurements of waves and flow velocities could be conducted. 

The bed was fixed with the method proposed by Ebrahimi and da Silva (2013), which 

consists of coating the original mobile bed with a mixture of sand of larger diameter than 

the original bed and a small amount of Portland cement Type II (Type HE). The just 

mentioned authors have shown that the method preserves the granular roughness of the 

original bed. Following recommendations by Ebrahimi and da Silva (2013), the coating 

layer in the present test was formed by sand having D50 = 0.55 mm; the percentages of 

sand and cement were 80% and 20% by volume, respectively. After spreading ≈ 0.01 m 

of this coating layer over the entire mobile bed, this was fully saturated with water, 

compacted and finally allowed to cure for 7 days. Photos of the resulting fixed bed profile 

are shown in Figure 2.4a and b. It should be noted that the work by Ebrahimi and da Silva 

(2013) was restricted to uni-directional flows, and that this work is the first application to 

oscillatory flows of their method to fix moveable boundaries. For a sand having D50 = 

0.55 mm, Ebrahimi and da Silva (2013) suggested the use of 8% cement; however, in this 

work it was found that the coating layer with 8% cement did not resist the present wave 

action. For this reason, in the present tests, the coating layer was strengthened by 

increasing the percentage of cement to 20%.
1
 To prevent any possible damage to the 

coating layer, during the fixed bed phases of the tests the paddle was stopped while the 

cart was moved between measurement locations. The paddle was run for 5 minutes at a 

time. 

                                                 
1
 The effect on granular roughness of the coating layer with 20% of cement was investigated by the author 

as part of her preliminary work for the present tests. For this purpose, a series of tests similar to those by 

Ebrahimi and da Silva (2013) were carried out in a 2 m long, 0.13 m wide and 0.08 m deep tilting flume. 

Although these tests are not reported here, they have shown that the granular roughness of the coating layer 

was nonetheless comparable to that of the original mobile bed, despite the increased cement content. 
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Figure 2.4: Photos of the fixed dune in the laboratory channel: (a) after 7 days of curing; 

and (b) during the LW test when the fixed bed was subjected to wave action. 

 

For the second phase, the coating layer was removed and the original profile of the 

bed (Figure 2.2a) was reconstructed. The profile was then subjected to wave forcing (see 

Table 2.2) and allowed to erode naturally. The morphological changes were monitored by 

stopping the tests at different times so that the bed elevation could be measured. The 

times at which the tests were stopped are shown in Table 2.3. These were pre-determined 

through preliminary testing. However, in some instances, when large changes were 

observed, the tests were stopped before the pre-determined times. The total duration of 

the tests was 510 and 270 min for the LW and HW tests, respectively. The water level in 

the basin had to be lowered temporarily to enable the measurements of bed elevation.  

 

Table 2.3: Times of bathymetric surveys for mobile bed tests. 

 
Test stop times (min) 

LW test 4 8 45 30 90 270 510 

HW test 2.5 8 30 60 180 270  
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The GEDAP (Generalized Experiment Control and Data Acquisition Package) 

software (Miles, 1997) was used to control the wave generation from the wave paddle (as 

well as to acquire water level data from the probes, as discussed in detail later). Waves 

produced on either side of the channel reduced the possibility of error from waves 

diffracting towards the outer regions of the basin. Bichromatic waves were chosen for the 

present tests because they simulate realistic wave groups and also because every wave 

group was identical, allowing for statistically accurate comparisons to be made between 

measurement intervals. Using GEDAP, two regular wave trains with frequencies of 0.465 

Hz (larger amplitude wave) and 0.500 Hz (smaller amplitude wave) were combined to 

generate the signal for the wave paddle. 

The following instrumentation was used in the present tests: 1) 8 capacitance-type 

water level gauges, for the measurement of water surface elevation; 2) a Nortek Vectrino 

II, Acoustic Doppler Velocimeter (ADV), for measurement of vertical velocity profiles in 

the water column; and 3) a MICRO-EPSILON, scanCONTROL 2700 laser line scanner, 

for the measurement of bathymetry.  

Six of the wave probes, namely probes P3 to P8, were mounted on tripods and 

positioned as shown in Figure 2.2a, with probes P7 and P8 offset 0.5 m from the channel 

centerline. The wave probes, which have a vertical resolution of ≤ 1 mm or 5 % of the 

smallest wave height (Fischer, 1997) with an estimated error of ≤ 0.1 mm (Warner, 

1993), were operated at a sampling rate of 20 Hz. The Nortek Vectrino II is described in 

detail in Chapter 4. This was used only in the LW test, in which case it was mounted on 

the instrumentation cart (at the centerline of the channel), with a 0.05 m offset, offshore 

of the wave probes. 
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The scanCONTROL 2700 is a 2D/3D laser line scan system developed and 

commercialised by MICRO-EPSILON.  The laser optical system projects a line onto the 

surface to be measured, the back-scattered light being registered on the CMOS 

(Complementary Metal-Oxide Semiconductor) array (see Figure 2.5). The system has a 

horizontal range of approximately 0.10 m (depending on the distance from the surface to 

be measured) and collects 640 points per profile, resulting in a horizontal resolution of 

approximately 0.16 mm. The vertical range of the instrument is 0.30 m with vertical 

resolution of < 0.4 μm (MICRO-EPSILON, 2014). Data acquisition was enabled by 

software provided by the manufacturer. 

 

Figure 2.5: MICRO-EPSILON, scanCONTROL 2700, 2D/3D laser line scan system 

(MICRO-EPSILON, 2014) 

 

During the fixed bed phase of the present tests (both LW and HW), the cart 

supporting probes P1 and P2 (as well as the ADV in the case of the LW test) was moved 

to 17 different locations from x = 1.93 m to x = 2.98 m (see Figure 2.2a and b) so as to 

characterize the outer surf zone. For the mobile bed phase, the instrumentation cart was 

fixed so that probes P1 and P2 were located at x = 2.38 m. A summary of the 

measurements carried out throughout the present tests is given in Table 2.4. 
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Table 2.4: Summary of measurements conducted during phases 1 and 2 of both LW and 

HW tests. 

        LW test        HW test 

Fixed bed 

 Bed profile measurement of 

the fixed bed 

 water surface elevations at 

fixed probes P3 to P8. 

 water surface elevations at 

moveable probes P1 and P2 in 

the outer surf zone. 

 flow velocity profiles (using 

the ADV) in the outer surf 

zone. 

 Bed profile measurement of 

the fixed bed 

 water surface elevations at 

fixed probes P3 to P8. 

 water surface elevations at 

moveable probes P1 and P2 in 

the outer surf zone. 

 

   

Mobile bed 

 water surface elevations at 

fixed probes P1 to P8. 

 Bed profile measurements 

using the laser bed scanner at 

the times specified in Table 

2.3. 

 water surface elevations at 

fixed probes P1 to P8. 

 Bed profile measurements 

using the laser bed scanner at 

the times specified in Table 

2.3. 

 

The laser scanner was used to produce longitudinal profiles at 0.05 m intervals 

along the centerline of the channel from x = 4.6 m to the wall at the landward edge of the 

channel (x = 0). This ensured a significant overlap between consecutive bed scanner 

profiles. Each final longitudinal beach and dune profile was obtained by combining all 

the individual bed scanner profiles. Approximately 90-100 individual bed scanner 

profiles were combined to produce a single longitudinal beach/dune profile. Because of 

the need to overlap consecutive profiles, the error in bed elevation is estimated to be ± 0.5 

mm. The remainder of the channel (4.6 m ≤ x ≤ 22.75 m) was profiled using a survey 

telescope mounted on a tripod and a survey pole with an estimated error of ± 10 mm. 

Complete details on the velocity profile measurements are presented in Chapter 4. 
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2.4 Observations and Results 

2.4.1 Wave Conditions 

As examples, sample water level time series recorded over 100 s during the LW 

and HW tests for the fixed bed phase are shown in Figure 2.6 and Figure 2.7, 

respectively. In the following, these figures are discussed separately starting with the LW 

test.  

Figure 2.6a (LW test, offshore probe P8) clearly shows the bichromatic wave 

groups with a wave group period, Tg, of 22.1 s. In the corresponding spectra, shown in 

Figure 2.6c, there is a distinct frequency peak at 2.1 s (0.48 Hz) and a harmonic peak at 

1.05 s (0.96 Hz). The plots of water surface elevations in the outer surf zone, shown in 

Figure 2.6b, strongly indicate that significant shoaling has occurred as wave groups are 

no longer well defined. In the corresponding spectra, shown in Figure 2.6d, the 

substantially increased value of wave skewness (Sk) at probe P2 indicates breaking 

waves. This is also confirmed by the reduced significant wave height (Hs) at probe P2. 

The changes in the value of wave asymmetry (As) from probe P8 to probe P2 indicate 

that the pitch of the waves has changed. Skewness, defined as the third central moment of 

the water level elevation divided by the cube of its standard deviation, is a measure of 

non-symmetric wave shape about the horizontal axis.  Asymmetry, defined as the 

skewness of the Hilbert transform of the data (Elgar and Guza, 1985), is a measure of 

non-symmetric wave shape about the vertical axis. All values of significant wave height 

in the present tests were calculated spectrally using Hs = 4√m0, where m0 is the zeroth 

moment of the water surface elevation spectra (Kamphuis, 2000). (Additional plots of the 

wave spectra at all probe locations are included in Appendix A). 
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As follows from Figure 2.7a (HW test, offshore probe P8), significant wave heights 

recorded offshore during this test were consistently lower than in the LW test by about 

0.01 m. This 7% difference is attributed to two causes: a) the same forcing signal being 

applied to the paddle in a deeper body of water; and b) waves at this location 

experiencing less effect from shoaling due to the 0.07 m (≈18 %) increase in water depth. 

Nearshore significant wave height at probe P2, namely Hs = 0.15 m (see Figure 2.7d), 

was similar to the offshore significant wave height at probe P8 (see Figure 2.7c), but had 

an increased skewness and strong asymmetry. Wave skewness values from the nearshore 

probe P2 for the LW and HW tests were similar, which is consistent with waves in a 

region of wave breaking; however, the asymmetry values for the HW test at probe P2 

were significantly higher than those observed in the LW test, indicating that the waves at 

this location were extremely pitched forward and likely breaking. 

The variation in significant wave height along the channel is shown in Figure 2.8. 

In both tests, instead of only one region of breaking, two distinct regions showed 

evidence of breaking. This is indicated by the increasing and decreasing pattern in wave 

height throughout the channel. This finding of two regions of breaking in the outer surf 

zone is supported by visual observations during the tests. The largest waves were 

observed to break at probe P3 (x = 3.35 m, see Figure 2.2) before re-forming and shoaling 

again at the nearshore; smaller waves broke at the dune toe. Peaks in the LW test 

measurements were observed at x = 2.93 m (Hs = 0.20 m) and x = 1.98 m (Hs = 0.17 m). 

Peaks in the HW test occurred at x = 2.83 m (Hs = 0.21 m) and x = 2.13 m (Hs = 0.20 m); 

the breakpoint for the largest waves moved shoreward during the HW test due to the 

deeper water. 
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Figure 2.6: Measured waves during the LW test. a) 100 s sample of water level elevation 

measurements at the  offshore probe P8; b) 100 s sample of water level elevation 

measurements at the  nearshore probe P2 (x = 2.53 m); c) wave spectrum at probe P8; and 

d) wave spectrum at probe P2. 

 

Skewness of the waves (see Figure 2.9a) decreased from x = 2.98 m until directly 

before the dune face where it is expected to peak before the final breaking. Wave 

asymmetry (see Figure 2.9b) became negative for both tests closer to the dune, with 

energy transferring to lower frequencies in this region; this compared well with the field 

tests of Herbers et al. (2003) at Duck, North Carolina who also observed a pattern of low 

asymmetry values offshore of the zone of major breaking. 
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Figure 2.7: Measured waves during HW test: a) 100 s sample of water level elevation 

measurements at the offshore probe P8, b) 100 s sample of water level elevation 

measurements at the  nearshore probe P2 (x = 2.73 m), c) the wave spectrum at probe P8; 

and d) the wave spectrum at probe P2. 

 

 

The surf similarity parameter, ξb, was used to classify wave breaker type. This was 

calculated from the following equation (Battjes, 1974): 

      √           (2.1) 

where mb is beach slope and HB is significant wave height at breaking. The values of the 

surf similarity parameter for both tests at the locations of peak Hs, where it was assumed 

that breaking in the outer surf zone occurred, are shown in Table 2.5. These calculations 

suggest that, in both cases, the largest waves for both tests (occurring at x = 2.93 m for 
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the LW test and x = 2.83 m for the HW test) broke as spilling waves. The difference 

between the two tests was that in the LW test, once waves had re-shoaled (x = 1.98 m), 

waves broke as plunging waves; while, in the HW test, waves broke again as spilling 

waves at the second peak in the outer surf zone (x = 2.13 m). These calculations are 

supported by visual observations during the laboratory tests. 

 

 

 

Figure 2.8: Significant wave heights recorded for the fixed bed tests where vertical 

dashed lines indicate measurements made in the outer surf zone:  a) Hs profile for LW 

test; b) Hs profile for HW test; and c) Hs in the outer surf zone for both LW and HW tests. 
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Figure 2.9: Wave evolution through the outer surf zone in both the LW and HW tests: a) 

wave skewness, and b) wave asymmetry. 

 

 

Table 2.5: Wave breaking characteristics at locations of peak wave height in the outer 

surf zone. 

 
x (m) mb  HB (m) Lo (m) ξb Breaker Type 

LW test 
2.93 0.009 0.199 7.22 0.05 Spilling 

1.98 0.063 0.165 7.22 0.42 Plunging 

HW test 
2.83 0.008 0.211 7.22 0.04 Spilling 

2.13 0.028 0.177 7.22 0.18 Spilling 
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The wave paddle was not equipped with active reflection compensation. Waves 

were not corrected for the effect of reflection in this experiment. 

2.4.2 Dune Evolution 

The dune profiles acquired at the different measurement times of the LW test are 

shown in Figure 2.10. Close-ups of the profiles at 4, 8, 15 and 30 min are shown in 

Figure 2.11. As can be inferred from Figure 2.10, retreat of the dune face progressed 

throughout the entire duration of the test. Note that the time between measurements 

increased as the tests progressed. Therefore, the rate of retreat decreased with the passage 

of time. 

After breaking, the waves run-up the dune face without reaching the dune crest. A 

consistent result of the LW test was continuous undercutting at the dune toe (just above 

the SWL), eventually leading to sudden failure of the overhanging sand. The resulting 

accumulations of sand on the bed were slowly removed by subsequent wave action and 

transported offshore; however, in the meantime they impeded further undercutting at the 

dune toe. The episodic slumping did not occur simultaneously across the full channel 

width, but it was observed to be as wide as 0.75 m. Episodic slumping is clearly visible in 

the longitudinal profiles. In particular, this was captured between the laser surveys at 4 

and 8 min as well as between 15 and 30 min (see Figure 2.10a-d as well as Figure 2.11a- 

b). A pile of sand that detached from the dune occurs at 15 min, indicated in Figure 

2.11b. By 30 min this sand had been distributed towards the dune toe, but no new 

material had detached from the dune face. In Figure 2.11a, the remnants of a pile of sand 

previously detached from the dune face occurs at 4 min and the material is completely 

redistributed by 8 min.  
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Figure 2.10: Bathymetric profiles from the LW test. Note that the 4 and 8 min profiles are 

similar as are the 15 and 30 min profiles. These overlapping profiles are shown in greater 

detail in Figure 2.11. 
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Figure 2.11: Dune profiles measured during the LW test at times when measurement 

intervals closely matched each other: a) 4 and 8 min, and b) 15 and 30 min. 

 

Dune profiles acquired at the different measurement times of the HW test are 

shown in Figure 2.12. As pointed out earlier, this test was in the overwash regime, with 

the largest waves in each wave group regularly overtopping the dune crest. The main 

difference between this test and the LW test is that continuous erosion was observed 

instead of episodic slump events. Rates of erosion in the HW test were substantially 

larger than in the LW test. Consequently, greater volumes of eroded material were 

transported offshore, resulting in a larger bar in comparison to that in the LW test. Like in 

the LW test, the dune toe in the HW test was slightly above the SWL. 
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Figure 2.12: Bathymetric profiles from the HW test. No overlapping profiles above the 

SWL were present in these measurements. 
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Let Ed be the rate of retreat of the dune face at a given elevation above the dune toe, 

and Dd, the rate of advance of the beach profile at a given elevation below the dune toe. 

The calculated values of Ed at z = 0.60 m, and Dd at z = 0.31 and 0.24 m for the LW test, 

as well as the values of Ed at z = 0.60 m, and Dd at z = 0.34 and 0.24 m for the HW test 

are given in Table 2.6. These values are plotted in Figure 2.13 (LW test) and Figure 2.14 

(HW test). At the end of both tests, Ed and Dd were less than 2 mm/min, indicating that 

tests could be stopped. In the HW test the rates of dune retreat and advance both follow 

continuous, monotonous trends towards zero; however, the rates of dune retreat and 

advance for the LW test are not continuous. The kinks are consistent with the episodic 

slumping that was observed in these tests, very similar to that observed by van Gent et al. 

(2008) for dune erosion in the collision regime. 

 

Table 2.6: Rates of dune retreat and advance for the LW and HW tests. 

LW test HW test 

t  

(min) 

Ed, z = 0.60 m 

(mm/min) 

Dd, z = 0.31 m 

(mm/min) 

Dd, z = 0.24 m 

(mm/min) 

t  

(min) 

Ed, z = 0.60 m 

(mm/min) 

Dd, z = 0.34 m 

(mm/min) 

Dd, z = 0.24 m 

(mm/min) 

4 -40.0 85.4 150.9 2.5 -138.8 140.5 318.7 

8 -1.5 -41.1 3.5 8 -44.8 50.6 15.8 

15 -14.8 -87.4 -1.2 15 -11.9 8.0 -1.0 

30 -0.4 0 0.1 60 -1.5 -1.5 -0.6 

90 -1.7 8.7 8.7 180 -1 -1.0 1.0 

270 -0.5 -0.5 -0.5 270 -0.4 -1.8 0.8 

510 -0.4 -0.1 -0.1     
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Figure 2.13: Rates of horizontal beach profile change during the LW test: a) Ed at z = 

0.60 m, b) Dd at z = 0.31 m and c) Dd at z = 0.24 m. 

 

 

Figure 2.14: Rates of horizontal beach profile change during the HW test: a) Ed at z = 

0.60 m, b) Dd at z = 0.34 m and c) Dd at z = 0.24 m. 
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The values of the maximum slope of the dune/beach profile above and below the 

dune toe are shown in Table 2.7. The maximum slope measured above the SWL, md, for 

either tests was 27.9 (LW test at 510 min) and the maximum slope below water, mb, was 

0.30 (HW test at 180 min). These values are necessary for the purpose of the numerical 

modelling presented in Chapter 3. 

The values of significant wave height (Hs) plotted versus time for the LW and HW 

mobile bed tests are shown in Figure 2.15 and Figure 2.16, respectively. The offshore 

probes, P3-P8, had consistent wave heights throughout the test. For the LW test (see 

Figure 2.15), the probe P2 initially had Hs = 0.10 m but this decreased to Hs = 0.08 m by 

the end of the test. This was due to the decreasing depth at this location (x = 2.38 m, see 

Figure 2.10), which acted to reduce the significant wave height. Because of the increase 

in water level in the HW test, large decreases in the water depth in the nearshore were not 

observed and significant wave height was relatively consistent at all probes throughout 

the test duration. 

  

Table 2.7: Maximum measured slopes above and below the dune toe from the LW and 

HW tests. 

LW test 

t (min) 4 8 15 30 90 270 510 

md,max 23.2 16.5 20.9 19.0 13.6 12.5 27.9 

mb,max 0.21 0.20 0.21 0.27 0.22 0.19 0.20 

HW test 

t (min) 2.5 8 15 60 180 270  

md,max 8 26.7 14.1 10.2 7.6 18.6  

mb,max 0.24 0.18 0.21 0.18 0.30 0.20  
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Figure 2.15: Variation in significant wave height with time for 5 probes during the LW 

test. Solid vertical lines mark times of profile measurements. 

 

 

Figure 2.16: Variation in significant wave height with time for 5 probes during the HW 

test. Solid vertical lines mark times of profile measurements. 
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2.4.3 Ripple Evolution  

Ripples were clearly visible from the very early stages of both the LW and HW 

tests (see Figure 2.10 and Figure 2.12). The ripples grew in length and height with the 

passage of time. A common feature of the two tests is that with the passage of time 

ripples were forming further and further shoreward. 

In the following the time dependent ripple geometric characteristics, namely length 

ΛR, height ΔR, and steepness δR (=ΛR / ΔR) are calculated. For this purpose, the ripples 

were extracted from the mean longitudinal beach profile. This was achieved by 

subtracting a moving average from the profile; for each point measurement of bed 

elevation, the closest 15 measurements on either side of the point were averaged and then 

subtracted from the bed elevation. Examples of the resulting ripple profiles for the LW 

and HW tests are shown in Figure 2.17 (LW test, t = 4, 30 and 510 min) and Figure 2.18 

(HW test, t = 8, 60 and 270 min). Complete sets of the ripple profiles for both tests at all 

measurement times are included in Appendix B. In order to determine ΛR and ΔR, the 

ripple profiles were divided into 2 zones, namely Zone 1 and Zone 2. Zone 1 was defined 

as the part of the bed elevation measurement region in which ripples were consistently 

present throughout the tests. Zone 2, shoreward of Zone 1, is the region where ripples 

were not observed at the first measurement time, but where they could be observed at 

later times. This zone increased in length shoreward with the passage of time. The 

considerations below on the ripple geometric characteristics are restricted to Zone 1 

because the number of ripples in Zone 2 was not sufficiently large to produce meaningful 

statistics. The length of Zone 1 was 2.1 m in the LW test and 1.75 m in the HW test. 
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Figure 2.17: Bed elevation profiles for the LW test with Zone 1 and Zone 2 identified: a) 

4 min, b) 30 min and c) 510 min.  

 

 

Figure 2.18: Bed elevation profiles for the HW test with Zone 1 and Zone 2 identified: a) 

8 min, b) 160 min and c) 270 min.  
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The height and length of individual ripples at the measurement times were 

determined by visually identifying the peaks and troughs of the bedforms. These values 

were then averaged to obtain the representative size of ripple length and height at each 

measurement time. The results are shown in Table 2.8 (under ‘visual inspection’). 

 

Table 2.8: Ripple geometric characteristics. All measurements are in mm unless 

otherwise indicated 

LW test HW test 

t 

(min) 

Visual Inspection Statistical  t 

(min) 

Visual Inspection Statistical  

ΛR  ΔR  ΛR  ΔR ΛR  ΔR ΛR  ΔR  

4 59.15 6.55 66.77 7.60 2.5 52.00 6.89 56.09 7.09 

8 64.60 7.36 76.64 8.75 8 56.50 8.24 62.57 8.63 

15 71.20 9.16 73.80 9.27 15 62.50 9.43 64.24 9.52 

30 65.60 8.17 76.57 9.36 60 72.90 11.49 73.66 11.19 

90 67.70 8.48 74.44 9.02 180 68.63 10.75 74.03 11.24 

270 73.70 9.48 79.28 10.19 270 74.50 12.79 73.14 12.29 

510 73.70 10.70 79.56 11.16      

 

To visualize the distribution of the heights of the ripples, histograms of ripple 

height are provided in Figure 2.19 (LW test) and in Figure 2.20 (HW test) with the 

normal distributions overlaid. As the mean height, μ, of the ripples increases consistent 

with measurement intervals, so too does the standard deviation of ripple height, σ. 

(Additional histograms for all measurement intervals are included in Appendix B.) 

It is common for the geometric characteristics of bedforms to be determined with 

the aid of statistical methods, especially in the case of large datasets. Accordingly, bed 

elevation spectra was used in a number of recent studies (e.g., Hanes et al., 2001; Hay, 
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2008; Miles et al., 2013) to determine the geometric characteristics of ripples. In 

particular, Hay (2008) determined ripple height using the rms (root-mean-square statistic) 

of the bed energy density spectrum. Considering this, it seems particularly worthwhile to 

explore the use of the bed energy density spectrum to determine ripple length and height. 

The calculated bed elevation spectrum for the LW and HW tests are shown in Figure 2.21 

and Figure 2.22, respectively. Here Sηbηb is the auto spectral energy density of the bed 

elevation profile. From Figure 2.21 it is clear that there is an increase in the amount of 

energy from the 4 to the 510 min profile, as well as a noticeable shift in the peak 

wavenumber, k, from 0.0175 m
-1 

to just over 0.01 m
-1

. The same trends are observed in 

Figure 2.22. 

 

 

Figure 2.19: Histograms of ripple length with normal distribution overlaid for the LW 

test; a) 4 min; b) 30 min and c) 510 min, and d) compiled normal distributions for the 3 

measurement times. 
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Figure 2.20: Histograms of ripple length with normal distribution overlaid for the HW 

test; a) 4 min; b) 30 min and c) 270 min, and d) compiled normal distributions for the 3 

measurement times. 

 

 

 

Figure 2.21: Bed elevation spectra for all bed elevation profiles during the LW test: a) 4 

and 8 min, b) 15 and 30 min and, c) 90, 270 and 510 min. 
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Figure 2.22: Bed elevation spectra for all bed elevation profiles during the HW test: a) 

2.5 and 8 min, b) 15 and 60 min and c) 90 and 270 min. 

 

Three methods to determine ripple length, ΛR, were used (Kamphuis, 2000). The 

first of these methods consists of identifying the ripple length with the inverse of the peak 

wavenumber. The other two methods involve the bed elevation spectral moments given 

by: 

    ∫        ( )  
 

 
     (2.2) 

where mi is the moment of index, i. In this case, ΛR was identified with the ratios m0/m1 

and m0/m2. Out of these three methods, it was found that the relation: 

    
  

  
        (2.3) 

yielded values of ripple length that compared the best with the values previously 

determined by visual inspection of the bed profiles (see Table 2.8 for the values of ΛR 

calculated by Equation 2.3). 
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Two methods were used to estimate ripple height, ΔR, from the bed elevation 

spectra. The first of these consisted of the rms of the bed elevation spectra; however, it 

was found that this consistently over-predicted ripple height. The second method 

involved the moment, m0, through the equation:  

    √          (2.4) 

It was found that this equation, in comparison to the rms method, yielded values of ΔR 

that compared reasonably well with the values previously determined by visual 

inspection (see Table 2.8 for the values of ΔR calculated by Equation 2.4). 

The measured values of (average) ripple height, length and steepness for the LW 

and HW tests are shown in Figure 2.23 and Figure 2.24, respectively. The values 

determined by visual inspection as well as those determined by using bed elevation 

spectra are included in Figure 2.23 and Figure 2.24. Ripple lengths for both tests were 

observed to grow exponentially throughout the tests before reaching equilibrium with 

final ripple lengths being equal to ≈ 70-80 mm. Equilibrium was reached at ≈ 200-300 

min for the LW test and at ≈ 200 min for the HW test (see Figure 2.23b and Figure 

2.24b). At the completion of both tests, ripple height was ≈ 11 mm for the LW test and ≈ 

13 mm for the HW test. However, unlike in the case of ripple length, no equilibrium was 

reached for the ripple height (see Figure 2.23a, and Figure 2.24a). This was reflected in 

the fact that the ripple steepness, δR, also did not reach equilibrium and continued to grow 

until the completion of the tests (see Figure 2.23c and Figure 2.24c). 
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Figure 2.23: Ripple geometric properties for the LW test determined using visual 

inspection and using bed elevation spectra statistics: a) ripple height, b) ripple length and 

c) ripple steepness. 

 

 

Figure 2.24: Comparison of ripple characteristics for the HW test determined by manual 

selection and using bed elevation spectra: a) ripple height, b) ripple length and c) ripple 

steepness. 

 

Bed elevation spectra from the two tests at select intervals are compared in Figure 

2.25. At the early stages of both the LW and HW tests (t = 8 min, see Figure 2.25a) the 

height of ripples determined statistically using Eq. 2.4 were similar. However, by 

comparison made after the 60 min mark, ripples in the HW test quickly grew to larger 

overall heights than in the LW test. Spectra for both tests had very similar distributions of 



43 

 

spectral energy for values of wavenumber, k, which was consistent with the fact that 

ripple lengths were similar between the LW and HW tests. 

 

Figure 2.25: Comparison of bed elevation spectra and ripple height for three 

measurement intervals for each test: a) 8 min; b) LW test, 90 min and HW test, 60 min; 

and c) 270 min. 

 

2.5 Conclusions 

The main findings of the tests presented in this manuscript are as follows. 

 In the outer surf zone, detailed measurements revealed two distinct regions of 

breaking for both tests. Calculation of the surf similarity parameter for these two 

regions for each test showed that waves in the LW test initially broke by spilling 

but transitioned to plunging waves in the nearshore. Waves in the HW test broke 

by spilling throughout the outer surf zone. 

 During the morphological phase of testing, erosion of the dune in the collision 

regime (LW test) occurred through episodic slumping of the dune face. This 

resulted in the rate of erosion of the dune face and the rates of advance of the 
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beach following non-continuous trends. However, in the overwash regime (HW 

test), erosion of the dune occurred continuously due to the run-up overtopping the 

dune crest. This resulted in the rate of erosion of the dune face and the rates of 

advance of the beach following continuous, monotonous exponential trends 

towards zero.  

 Waves during the morphological phase of the LW test in the outer surf zone 

decreased as a result of the building beach berm. In the HW test the deeper water 

dampened any effect of the changing beach and waves were not affected. 

 As both the LW and HW tests progressed, ripples continued to grow towards 

equilibrium; equilibrium was reached during testing of the ripple lengths but the 

ripple heights continued to grow. The range of ripple heights observed at each 

measurement diversified with time and the standard deviation subsequently 

increased.  

 The calculation of ripple geometric characteristics using bed elevation spectra was 

evaluated. Equations 2.3 and 2.4 using the spectral moments were found to best 

match ripple properties obtained through visual inspection for ripple length and 

ripple height, respectively. 

Future work would benefit from further testing in the two regimes discussed above as 

well as in the other two regimes not included in this study, in particular the lesser studied 

inundation regime. A comprehensive guide on the erosion mechanisms of dunes in the 

four regimes would be instrumental in furthering the science of numerical modelling. 

Numerical modelling of these phenomena would also benefit by helping to explain the 

unique wave breaking profile.  
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Chapter 3  

Wave-forced morphological evolution of a steep beach dune face due to 

bichromatic waves: Numerical modelling 

 

3.1 Introduction 

Sand dunes are common morphological features along coastlines, forming an 

important first line of defense against damage from large waves and storm surges. In one 

important example, Hurricane Katrina (2005) devastated the southern United States 

causing billions of dollars in damage and significantly altering the barrier islands such as 

the Chandeleur islands, in Lousiana, which lost over 85% of their total surface area as a 

result of the storm (Sallenger et al., 2007). This event highlighted the need to more 

accurately predict the effect of storms on sandy coastlines, and spurred the development 

of the numerical model XBeach (Roelvink et al., 2009) to evaluate the performance of 

existing coastal protection on the basis of the Sallenger (2000) Hurricane Impact Scale 

(described in Chapter 2). The XBeach model simulates the sea surface as a series of wave 

groups and includes infragravity waves. Surface waves, which induce high shear stresses 

at the bed, drive morphological changes. Since episodic slumping due to undercutting is a 

dominant process in dune erosion (van Gent et al., 2008), the model uses an avalanching 

mechanism for improved prediction of slump events, in part by accounting for different 

slumping rates for saturated sand and dry sand (Roelvink et al., 2009).  

The XBeach model has been shown to perform exceptionally well in some test cases 

of dune erosion, especially in the one-dimensional (1D) laboratory verification tests 
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described by Roelvink et al. (2009), Deltares (2011) and van Thiel de Vries (2009). On 

the basis of their own laboratory experiments, Splinter et al. (2011) concluded that while 

XBeach reproduced dune erosion, extensive event based calibration was required for 

different wave conditions. Successful testing with field data for the case of barrier island 

overtopping is described by Roelvink et al. (2009) and McCall et al. (2010). Lindemer et 

al. (2010) found that barrier island erosion was under-predicted while Kurum et al. 

(2012) concluded that the addition of vegetation to XBeach improved the accuracy of 

barrier island overwash predictions. XBeach was used to predict the 1D morphological 

changes during storms from nine European sandy coastline cases (Ciavola et al., 2011). 

This resulted in good agreement between the XBeach model and the field cases; however, 

erosion at the still water level (SWL) was consistently over predicted, leading to greater 

deposition at the lower beach face (van Dongeren et al., 2009). The source of model error 

was attributed to the modelling of sediment transport in the swash zone, which was the 

subject of further investigation by van Rooijen (2011). XBeach has been shown to be 

extremely sensitive to the values of input parameters and requires calibration at each new 

location before it can be used as an effective prediction tool (Splinter and Palmsten, 

2012; Splinter et al., 2011; Pender and Karunaruntha, 2013). Recently, the model has 

been applied to fluvial environments (Hartano et al., 2011), gravel beaches (Williams et 

al., 2012), the development of megacusps (Orzech et al., 2011) and the effect of the 

longshore variability on dune erosion (Van Thiel de Vries et al., 2010).  

The objective of this work is to examine dune erosion in the collision and overwash 

regimes using laboratory experiments and the XBeach model. Sensitive parameters for 

modelling of flow and morphology are identified and the model skill for the Sallenger 
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(2000) regimes are compared. This paper is organized as follows: Section 3.2 provides a 

summary of the experimental tests; Section 3.3 contains a brief description of the XBeach 

model and relevant equations; Section 3.4 describes the results of XBeach simulations for 

the modelling of flow over a fixed bed; Section 3.5 describes the results of XBeach 

mobile bed simulations; Section 3.6 discusses the model’s predictive ability and 

sensitivity to input parameters; and finally conclusions and future considerations are 

presented in Section 3.7. 

3.2 Summary of Experimental Tests 

Laboratory tests are used to investigate the erosion of a steep dune at two water 

levels that correspond to the Sallenger (2000) collision regime (low water test, LW) and 

the overwash regime (high water test, HW).  Each test was composed of two phases: 1) 

fixed bed in which the dune/beach profile was the ‘initial’ profile, and 2) mobile bed. In 

the fixed bed phase detailed measurements of the waves across the outer surf zone were 

made; bottom velocities were also measured in the LW test. Figure 3.1 shows the initial 

profile of the beach and dune as well as the instrumentation used for the tests. This 

included 8 capacitance-type water level gauges, and for the LW test, also an Acoustic 

Doppler Velocimeter (ADV) with a vertical measuring range of 0.03 m. The floor of the 

basin is defined as z = 0 and the vertical wall behind the dune is defined as x = 0, with the 

wave paddle located offshore at x = 22.75 m. Instruments in the outer surf zone were 

mounted on a cart that was moved to 17 different locations between 1.93 m - 2.98 m from 

the back wall. At each new location for the LW test the ADV was positioned at several 

heights above the bed to obtain velocity measurements over the full depth of the water 

column (see Figure 3.1b). The number of positions of the ADV at each location was 
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determined by the depth of the water and the proximity of the probe to the bed for the 

first measurement. A full description of the velocity profile measurements is included in 

Chapter 4. Measurements of waves (and velocities for the LW test) were carried out at 

each location for the 5 minutes that the paddle was active.  

 

 

Figure 3.1: Experimental set-up of laboratory tests: a) Initial beach and dune profile with 

instrumentation; and b) close-up profile of the dune including the locations of bottom 

velocities measurements. Blanking distance of the ADV (db) was 0.04 m. 
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In the mobile bed tests, the probes in the outer surf zone were fixed at x = 2.38 m 

and the ADV was not used. Measurements of bathymetry were made at selected time 

intervals over the 510 min (LW) and 270 min (HW) duration until the dune was observed 

to be at or near equilibrium. A MICRO-EPSILON scanCONTROL 2700 laser line 

scanner was used to make high resolution measurements at 0.016 mm resolution of the 

beach and dune profiles. 

A full description of these measurements, including water surface elevation 

measurements made during the fixed bed case, can be found in Chapter 2. 

 

3.3 The XBeach Model 

XBeach is a two-dimensional (2D), hydrodynamic and morphodynamic numerical 

model. The model resolves individual long waves but short waves are resolved on a 

group scale only and the wave energy spectrum is prescribed according to the peak 

frequency. XBeach solves the differential equations for sediment transport using a finite 

difference approximation. 

3.3.1 Wave and Flow Equations 

XBeach solves the depth-averaged, non-linear, shallow water wave action balance 

equation, which for a 1D model with wave propagation in the x-direction is: 

  

  
 
 (  )

  
   

  

  
      (3.1) 

where c is wave celerity, σw is intrinsic wave frequency, Dw is wave energy dissipation, x 

is distance and t is time (Roelvink et al., 2010). Wave action, A, is described by: 

  (   )   
   (    )

  (   )
      (3.2) 
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where Sw is the wave energy density. Total wave energy dissipation is determined by the 

breaker model specified by the user. Two versions of the Roelvink (1993) breaker model 

are included and generally expressed by: 

     
 

    
           (3.3) 

where Qb is the fraction of breaking waves, Trep is the representative wave and α is an 

empirical wave dissipation constant. These formulations will be referenced hereinafter as 

RV1 in which β = 1, and RV2, the model default, in which β = (Hrms/h), where h is local 

water depth and Hrms is local root-mean-square (rms) wave height. Qb is given by 

        ( (
    

    
)
 

)      (3.4) 

where:       

      
     (  )

 
      (3.5) 

Here, γ is the breaking index, k is wavenumber, Hmax is local maximum wave height, and 

n is the ratio between the wave group velocity and the individual wave celerity (van 

Rooijen, 2011). A third breaker model using the advective-deterministic approach 

described by Daly et al. (2012), referenced hereinafter as DALY, is also provided. This is 

expressed as follows 

{
               
                

      (3.6) 

where γ2 is a threshold breaking index parameter. XBeach uses Lagrangian coordinates, 

for the momentum equation and continuity equations which are expressed as 
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and 

  

  
 
    

  
         (3.8) 

respectively where  ρ is fluid density. Here u
L
 is the Lagrangian velocity, ν is the fluid 

kinematic viscosity, τb  is the bed shear stress, g is gravitational acceleration, η is the 

water surface elevation and Fx is the wave force induced by the radiation stress gradient.  

The bed shear stress is given by  

        
 √(         )  |  |     (3.9) 

where, cf is the friction coefficient, u
E
 is the Eulerian velocity where (u

E
 = u

L
 – u

S
, where 

u
S 

is Stoke’s drift) and urms is the root-mean-squared orbital velocity. The latter is given 

by 

     
     

√        (  )
      (3.10) 

where Tm is mean wave period.  

3.3.2 Sediment Transport Equations 

Sediment transport is calculated using the depth averaged concentration equation 

(Galapatti, 1983): 
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   (3.11) 

where C is depth-averaged sediment concentration, Ds is a sediment diffusion coefficient, 

Ceq is equilibrium sediment concentration, and ts is adaptation time (dependent on the 

height above the bed and fall velocity of the sediment particles).  The equilibrium 
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sediment concentrations are determined by one of two methods, namely the Soulsby-van 

Rijn method (Soulsby, 1997), henceforth denoted as SVR; and the van Rijn method (van 

Rijn, 2007) modified by van Thiel de Vries, henceforth denoted as VRVT. The latter is 

the default formulation in the model. According to the SVR method, 
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(     )   (3.12) 

Here As is the combined bed and suspended load coefficient, given as the sum of the bed 

load coefficient Asb and the suspended load Ass, i.e, 

                 

where 
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Here αsb is a coefficient (= 0.005), D* is dimensionless particle size, s is relative density, 

Cd is flow drag coefficient, D50 is median sediment diameter, m is the slope of the bed at a 

given location, αb is a calibration parameter and ucr is the velocity at the critical stage of 

initiation of sediment transport. 

According to the VRVT method, 
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The VRVT method uses the same formulation as the SVR method for Ass and Asb except 

that αsb = 0.015. 

The sediment transport rate, q, is calculated from the following equation 

 (   )  [
     

  
]  [

 

  
(   

  

  
)]   (3.14) 

Avalanching of the dune face is controlled by the critical avalanching slope, mcr, 

and occurs when: 

|
   

  
|           (3.15) 

where zb is local bed elevation. The value of mcr is determined by the relation to a switch 

point located at zcr = SWL – hswitch, where hswitch is a user defined value. If z < zcr, mcr = 

mwet otherwise mcr = mdry. Finally, bed updating in the x-direction is calculated via 

   

  
 

 

   
(
  

  
)        (3.16) 

where p is porosity of the granular material. 

3.4 Modelling of Flow in the Fixed Bed Phase 

3.4.1 Model Set-up 

The fixed bed phase of the laboratory experiments was simulated in XBeach to 

compare waves measured along channel. For the LW test, the bottom velocities were also 

compared. The calibrated waves were then used to drive the mobile bed tests, as 

presented in Section 3.4. 

The high resolution bathymetric measurements obtained with a laser scanner and 

detailed in Section 2.3 were used as model input. The beach and dune profile is as shown 

in Figure 3.2, with the numerical model resolution (Δx), which varied from 0.025 m to 
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0.5 m. In XBeach, computations are performed at each grid point; therefore, using a 

lower resolution offshore is an effective means to reduce computational time. In the 

present simulation, the offshore resolution was generally 0.5 m up until the point where 

the bed became mobile for phase 2 of the tests; here, resolution was increased to 0.025 m 

in the region 0 ≤ x ≤ 4.5 m. This ensured high resolution simulations of wave height and 

morphology throughout the nearshore region. The resolution of the computational grid 

was increased to 0.10 m at the toe of the fixed bed (at x = 21 m), to ensure that flow over 

this sloping feature could be resolved by XBeach. No effects due to the changes in 

resolution along channel were observed during model runs. Preliminary tests with a 

model resolution of 0.025 m for the entire model domain were also completed, and  

produced almost identical results to the final simulations performed with varying 

resolution.  

 

 

Figure 3.2: Bathymetry and water levels used for the XBeach model runs including the 

resolution used in the numerical model input files. 
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Bichromatic wave input was used in the numerical model to match the wave time 

series used in the laboratory. The XBeach model generates a wave spectrum to impose at 

the offshore boundary from the parameters listed in Table 3.1, which were determined 

from the wave probe at x = 21.2 m (probe P8). For these fixed bed tests the model was 

run without the morphological component. The LW and HW tests were differentiated by 

the water levels and the offshore maximum wave heights in the model set-up. Fixed bed 

model runs had duration of 30 min to ensure that model spin up did not affect results. 

 

Table 3.1: XBeach input wave parameters for fixed bed tests 

Symbol Units Description LW HW 

h m Still water depth 0.40 0.47 

H1 m Maximum offshore wave height 0.17 0.16 

Tm s Mean wave period 2.13 2.13 

Tg s Wave group period 22 22 

 

3.4.2 Sensitivity Analysis  

Before completing the calibration of the model for the conditions in the fixed bed 

phase of the tests, the LW test was used as a test case to investigate the sensitivity of the 

significant wave height (Hs) calculated by XBeach to a number of flow related input 

parameters. Results of the sensitivity analysis (Table 3.2) showed that the majority of 

parameters had minor or negligible effects on the significant wave height profile with the 

exception of the breaking index, γ. None of the parameters changed the shape of the 

simulated wave profile in the outer surf zone. Two different waveshape models were also 
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tested but it was found that the wave profiles simulated by each were nearly identical for 

the present tests.  

 

Table 3.2: Sensitivity analysis of XBeach input parameters affecting the significant wave 

height profile. 

Symbol Description Default Min/Max Conclusion Effect 

α Coefficient in 

RV1 and RV2 

1 0.5/2 ↓ α ↑ Ha, ↑ α ↓ Hs. 

Breaking not significantly 

altered. 

minor 

ARC Active reflection 

compensation 

1 0/1 Whether on/off, little 

difference   

none 

cf Friction 

coefficient  

0.003 0.003/1 Very limited effect  none 

γ Wave breaking 

parameter 

0.55 0.4/0.9 breaking location does not 

change significantly but ↑ 

γ ↑ Hs  

major 

γ x Maximum ratio 

Hrms/h 

2 0.4/1 ↓ γx below the γ value ↓ 

Hs. ↑ γ x increased the 

breaking distance 

minor 

n Power in RV1 

and RV2 

10 5/20 ↓ n ↓ Ha, ↑ n ↑ Ha minor 

waveform Alternate 

waveshape 

models 

2 1/2 Very little visible 

difference to Hs profile 

none 
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3.4.3 Modelling Wave Height 

XBeach was run with three breaker formulations (RV1, RV2 and DALY) using 

default wave parameters (described in Table 3.2); all three breaker models under 

predicted Hs and produced almost identical significant wave height profiles. However, the 

largest discrepancy between measured and simulated Hs was the spatial variability of 

wave heights in the outer surf zone. While XBeach estimates a straight Hs profile with 

minimal breaking until the dune face, the measurements show a distinct trend of shoaling 

and breaking (this trend is discussed in detail in Chapter 2.0). Because none of the wave 

breaking formulations were able to recreate the breaking profile observed in the 

laboratory, the remainder of the numerical tests proceeded with the model default 

breaking formulation, RV1. A plot of the three breaker models compared to the 

laboratory measurements is included in Appendix C. While the parameter ARC was 

found to have a negligible effect on the wave profile during the sensitivity analysis, this 

parameter was set to 0 to be consistent with laboratory tests (wave paddle was not 

equipped with ARC).  

To improve the fit between the measured and modelled Hs profiles in the outer surf 

zone, the value of γ was adjusted from the default 0.55 (Roelvink, 1993) to 0.78 

(Kaminsky and Kraus, 1993), as shown in Figure 3.3. The sum of square residuals (SSR, 

where SSR = ∑ ((Hs,lab – Hs,XBeach)
2
) taken at points of lab water surface elevation 

measurements) was used as an indication of best fit. The fit between modelled and 

measured Hs profiles for the LW test was improved with γ = 0.78 whereas both γ values 

for the HW test resulted in similar SSR. γ = 0.78 was selected because the fit between 

model and lab measurements was slightly improved, although the shape of the wave 
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breaking profile observed in the laboratory was still not estimated. Overall, XBeach does 

not predict the variability in Hs across the surf zone as shown by the observations, but 

predicts a linear Hs with the correct spatial mean. 

 

 

Figure 3.3: Hs profiles for different values of γ. Full channel profiles with SWL denoted 

by the thin grey line: (a) LW test and (b) HW test. Hs in the outer surf zone (c) LW test 

and (d) HW test. 
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3.4.4 Near-bed Velocities 

Measurements of velocities from the LW test were compared with those simulated 

by XBeach and are shown in Figure 3.4. Although the mean velocities (positive offshore, 

umean) were slightly over-predicted, they were in reasonably good agreement throughout 

the outer surf zone. Both the model and laboratory measurements indicated strong 

offshore-directed flow (undertow) below the wave troughs across the outer surf zone. 

 

 

Figure 3.4: Simulated (XBeach model) and measured depth-averaged velocities (umean). 

 

3.5 Modelling of the Mobile Bed Phase 

Calibrated wave conditions from the fixed bed experiments were applied to the 

mobile bed cases from the laboratory experiments. To set up the mobile bed simulations, 

the bed in the model was fixed only at the locations of hard surfaces from the laboratory 

experiments, where the hard bed was located between x = 4.5 to 22.75 m and at the back 

wall of the basin (x = 0). Simulations were run for the full duration of the laboratory 

experiments, which was 510 min for the LW test and 270 min for the HW test. 

The Brier Skill Score (BSS) method of evaluating model skill (van Rijn et al., 

2003), is commonly used to evaluate predictions of beach profile change (e.g. Roelvink et 
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al., 2009, Pender and Karunarathna, 2013) and is considered a good measure of 

performance for coastal morphological models (Sutherland et al., 2004).  Measured and 

simulated profiles are compared via: 

       [
〈|     |

 
〉

〈|     |
 〉
]     (3.17) 

where zp is the predicted profile from the numerical model, zm is the measured profile and 

zi is the initial profile. The model evaluates whether the predicted profile is closer to the 

measured or the initial profile. A BSS ≤ 0 implies a very poor predictive skill (where the 

predicted profile is actually closer to the initial profile) while a BSS = 1 indicates that a 

simulated profile perfectly matches the laboratory results. 

3.5.1 Sensitivity Analysis 

A sensitivity analysis of the model’s input sediment transport parameters was 

performed for the mobile bed tests. A full list of all parameters tested is provided in Table 

3.3. The parameters that significantly influenced the rate of dune erosion were threshold 

water depth (eps), hswitch and mwet. Changing the equilibrium sediment concentration 

formulation used in the model (SVR or VRVT) also had a significant impact on both the 

rate of erosion and the shape of the eroded dune.  

 

 

 



64 

 

Table 3.3: Sensitivity analysis of model parameters that influence the shape/rate of dune 

erosion 

Name Unit Description Default Min/Max Conclusion Effect 

cf - Friction coefficient of 

flow 

0.003 0.003/1 Little effect on 

erosion rates 

None 

D50 m Median sediment 

diameter 

0.0002 0.215 

/0.115 

↓ sand size ↑ rate 

of erosion 

Minor 

mdry m Critical avalanching slope 

above zcr 

1 1/10 ↑ mdry ↑dune face 

steepness 

Minor 

dzmax m/s Maximum bed level 

change due to 

avalanching 

0.05 0.003 

/0.2 

Limited effect on 

rates of sediment 

transport 

Minor 

eps m Threshold water depth 

above which cells are 

considered wet 

0.005 0.0001 

/0.1 

Drastic effect on 

the rate of dune 

erosion. ↓ eps 

values ↑ erosion 

Major 

Ceq - Sediment concentration 

formulation. 

2 1/2 Difference in the 

shape and total 

amount of erosion 

Major 

hmin m Threshold water depth 

above which Stokes drift 

is included 

0.2 0.001 

/0.2 

↑ hmin ↓ erosion. Minor 

hswitch m Depth of transition from 

mwet to mdry 

0.1 0.0001 

/0.1 

↓ hswitch ↑ erosion Major 

p - Porosity 0.4 0.3/0.5 ↓ p causes a ↓ in 

dune erosion 

Minor 

mwet - Critical avalanching slope 

below zcr 

0.3 0.1/5 ↑ mwet ↓ erosion 

rate 

Major 

 

3.5.2 Calibration 

Calibration of the mobile bed model was required since preliminary simulations 

using default values greatly overestimated erosion rates for both LW and HW tests. 

Because the sensitivity tests showed the choice of sediment transport formulation (SVR 

or VRVT) to be critical to the eroded dune shape, a separate calibration was performed 

for each formulation. The calibrated results for both the SVR and the VRVT formulations 

are shown in Table 3.4.  
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Table 3.4: Calibrated parameters for the LW and HW mobile bed simulations for each of 

the sediment transport formulations. 

Symbol Units Description Default SVR VRVT 

mwet - Critical Avalanching slope 

under water 

0.3 0.3 0.3 

mdry - Critical Avalanching slope 

above water 

1 15 15 

eps m Threshold water depth above 

which cells are considered wet 

0.005 0.02 0.09 

hswitch m Water depth to switch from mcr 0.1 0.005 0.005 

 

 

Using bed profiles carried out during the morphological tests, maximum slopes of 

the sand above and below the dune toe were measured. (Full measurements are included 

in Chapter 2). Because these slopes were achieved during laboratory tests it was assumed 

that the model parameters critical wet slope, mwet (below dune toe) and critical dry slope, 

mdry (above dune toe) must be equal to or greater than the observed slope values. Upon 

comparing measured slopes to default values, mwet (default = 0.3, max observed = 0.3) 

did not need to be modified; however, mdry (default = 1; max observed = 27.9) was 

increased to 15 to more closely match slopes measured in the laboratory experiments 

(described in Chapter 2). Modifying mdry improved the simulated predicted steepness of 

the retreating dune face, although it was found that past a value of 10 only very small 

differences were observed. 

At its default value, parameter hswitch tells the model to switch from mwet to mdry at 

0.10 m depth, which for a model of this scale is not a reasonable value. Therefore, hswitch 
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was modified from its default value of 0.1 m to 0.005 m for both calibrations, resulting in 

more accurate estimations of erosion rates at the dune toe. 

From the sensitivity tests and previous studies (e.g. Splinter et al., 2011; Van Thiel 

de Vries, 2009; Splinter and Palmsten, 2012), the threshold water depth, eps, was known 

to be very sensitive and to have a strong influence on dune erosion rates. For these 

simulations this parameter had the greatest effect on erosion rates. To correctly reproduce 

dune erosion using the VRVT formulation, the best fit calibration used eps = 0.09, while 

for the SVR formulation, eps = 0.02. The model results using the SVR formulation, 

shown in Figure 3.5 (LW test) and Figure 3.6 (HW test) were significantly better at 

simulating the shape of dune erosion, including the depth of erosion at the dune toe. Final 

profiles show good agreement between laboratory observations and XBeach simulations 

(for the LW test, BSS = 0.79 and HW, BSS = 0.87) with the exception of slight over-

prediction of erosion at the dune toe. However, agreement at initial measurements is 

poor; a reasonable agreement is not obtained until ≈ 60 min into both tests. Also, sand 

originally from the dune face is pushed as much as 2 m further offshore in the simulations 

than was observed in the laboratory. The calibrated simulations for the VRVT method 

reproduced the extent of the erosion but over-predicted the depth of erosion at the dune 

toe and the volume of sand moved offshore (for these runs BSS = 0.56 (LW) and BSS = 

0.65 (HW)). For comparison, simulations with default sediment transport parameters 

resulted in BSS = -1.29 (LW) and BSS = 0.16 (HW). Full model results from simulations 

using the VRVT formulation (calibrated and uncalibrated) as discussed above, are 

included in Appendix F.  
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Figure 3.5: LW mobile bed tests using the SVR sediment transport formulation 
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Figure 3.6: HW mobile bed tests using the SVR sediment transport formulation 

 

The rate of dune retreat, Ed, shown in Figure 3.7a for the LW test and in Figure 

3.8a for the HW test, is initially different between measured and modelled simulations. In 

the laboratory experiments, the extremely steep dune face underwent significant erosion 

within the first five minutes; in contrast, the calibrated SVR model simulated less than 

25% of the measured erosion for both tests at the initial measurement time. By ≈ 60 min 
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in both tests good agreement is obtained. In the LW test, the laboratory measurements 

exhibit episodic slumping of the dune face consistent with the collision regime (described 

in detail in Chapter 2); however, XBeach eroded the dune at a consistent rate following 

the same trend that is seen in the erosion of the dune in the overwash regime (a 

continuous exponential decay towards zero). The rates of beach advance, Dd, shown in 

Figure 3.7 for the LW test and Figure 3.8 for the HW test, match relatively well after 

initial adjustment in the first few minutes. Both the rate of retreat and the rate of bar 

advance were better simulated by the model for the HW test case. 

Full input files of the calibrated models can be found in Appendix D. A detailed 

list of all simulations performed during the calibration of the numerical model are 

included in Appendix E. 

 

 

 

Figure 3.7: Rates of dune change for the LW test: a) Ed at z = 0.53 m and b) Dd at z = 

0.24 m. 
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Figure 3.8: Rate of dune change for the HW test: a) Ed at at z = 0.6 m and b) Dd at at z = 

0.25 m. 

 

3.6 Discussion 

3.6.1 Modelling of Flow in the Fixed Bed Phase 

In these tests, waves simulated by a numerical model XBeach were calibrated to 

match waves observed in a laboratory experiment by changing the breaking index 

parameter, γ (Battjes and Jansen, 1978). Other studies have also varied the breaking index 

parameter to improve agreement. Van Rooijen (2011) used a value of 0.5, Orzech et al. 

(2011), adopted a value of 0.45 while Splinter et al. (2011) used 0.5 to 0.55 depending on 

the wave conditions. Because γ is dependent on beach conditions (Raubenheimer et al., 

1996), it requires site-specific adjustment to match observations. Other parameters 

investigated in the sensitivity analysis over the fixed bed had very small influence on the 

wave height profile and are not useful for calibration of models at this scale. Finally, 

three breaker profiles tested produced extremely similar Hs profiles; RV1 and RV2 share 
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almost identical formulations (Equations 3.4 and 3.5) but perform similarly to the 

simplified fraction of breaking waves formulation of Daly (2012) in Equation 3.6. The 

results of these tests do not justify the need for all three formulations to be included in the 

model. 

While the model was not able to replicate the spatial variability of breaking across 

the surf zone, both the rms orbital velocities and the mean velocities were well estimated 

by the depth averaged model. The orbital velocities compared well in magnitude but the 

spatial variability of the velocities through the outer surf zone did not match the straight 

line fit predicted by the model. Mean offshore velocities were only slightly over-

predicted but overall matched well. With the strong agreement for both of these 

velocities, shear stress (Equation 3.9) is also expected to match well in the outer surf zone 

due to its strong dependence on velocity.  

3.6.2 Modelling of Mobile Bed Tests 

The successful calibration of the XBeach model for a series of laboratory 

measurements gives insight into the importance of sensitive parameters discussed below. 

 Critical wet and dry slopes of the material have been used widely in previous studies 

such as Splinter et al. (2011) with mwet = 0.15 - 0.25 and mdry = 4; and Van Thiel de Vries 

(2009) with mwet = 0.1. The present study had success using values for mwet and mdry taken 

as the maximum slopes above (mdry) and below (mwet) the dune toe, measured during the 

laboratory experiments. According to Roelvink et al. (2009) the default mdry = 1, 

originally from the equilibrium profile determined by the tests of Vellinga (1986), is 

higher than the natural angle of repose of dry sand; however, these experiments have 

shown that even higher mdry values can yield more accurate simulations of laboratory 
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tests, likely due to saturation and compaction during test conditions. For this reason, mdry 

should not be compared to the angle of repose of dry sand. The default mwet value of 0.3 

agreed well with the measured slopes as well as the slopes in the simulated mobile bed 

tests. This is likely because sand below the SWL is not subjected to variables such as 

saturation and compaction, and is thus more easily predicted. 

Modification of the hswitch parameter (the depth at which the model switches 

between critical wet and critical dry slopes in the avalanching mechanism) has not been 

discussed in detail in previous studies, but was critically important for this application of 

the XBeach model. Van Thiel de Vries (2009), van Rooijen (2011), and Splinter and 

Palmsten (2012) all used the default value of 0.1, while Splinter et al. (2011) used 0.1 - 

0.15 depending on wave events. All of these experiments were conducted on larger scales 

than the present tests. For this reason, hswitch was decreased from 0.1 m to 0.005 m to 

scale with the laboratory experiments. It is concluded that hswitch is dependent on scale; to 

ensure details of morphological evolution are simulated properly for smaller scale 

experiments and/or sites with smaller waves will require smaller values of hswitch. 

The eps parameter, the threshold water depth (Roelvink et al., 2009), has been 

widely used to calibrate dune erosion in previous studies. The parameter has a default of 

0.005 m although Splinter et al. (2011) used a value of 0.001 m, Splinter and Palmsten 

(2012) adopted 0.1 m, Van Thiel de Vries (2009) adopted 0.0001 m and van Rooijen 

(2011) used values of 0.001 and 0.01 m for various applications. The variability in 

magnitude of the eps parameter for these dune erosion tests has not been well described. 

For the present tests, eps = 0.02 m provided the best fit with the SVR formulation while 

eps = 0.09 m provided the best fit for the VRVT formulation. 
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Figure 3.9 compares the two sediment transport formulations used for both tests. 

The SVR formulation provided the better simulated eroded dune profile for both cases 

because erosion at the dune toe was less over-predicted and for the HW test, the location 

of the simulated bar was improved. Pender and Karunarathna (2013) also investigated the 

differences between these two formulations and concluded that the SVR method was 

better at predicting eroded profiles while VRVT was more successful at simulating beach 

accretion. Orzech et al. (2011) tested both formulations and also reported that the SVR 

method outperformed the VRVT.  However, both the SVR and the VRVT methods over-

predict the erosion at the dune toe and the amount of sand transported offshore. This is 

consistent with observations by Van Dongeren et al. (2009) and Pender and 

Karunarathana (2013). For the LW test, no berm is built by either calibrated model while 

the laboratory measurements show a distinct offshore bar at x = 2 m. Models of the HW 

test do simulate a berm beach but 2 – 3 m further offshore than in the laboratory 

measurements. Williams et al. (2012) also concluded that, despite overall good agreement 

between modelled and measured erosion tests, XBeach was not able to recreate an 

offshore berm. Van Dongeren et al. (2009) suggested errors in the model predicted 

profiles could be due to the modelling of sediment motion in the swash zone which was 

not investigated by the present study; however, Splinter et al. (2011) identified an issue 

with the modelling of run-up which could be a possible explanation for these errors. 

According to the results of the present study, for dunes undergoing erosion in both the 

collision and overwash regimes, it is recommended that the SVR formulation be used. 
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Figure 3.9: Results of the two sediment transport formulation for the final measurements 

in XBeach: a) LW test at 510 min and b) HW test at 270 min. 

 

3.7 Conclusions 

The main findings of the tests presented in this manuscript are as follows. 

 XBeach was not able to reproduce spatial variations in the significant wave height 

measured across the outer surf zone during laboratory tests; however, mean 

offshore velocities were well predicted by the model, suggesting accurate 

estimates of shear stresses.  
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 Previously widely used as free calibration parameters, the critical wet and dry 

slopes (used in the avalanching component of the model) were in this test 

measured from maximum slopes above and below the dune toes in laboratory 

tests. This method removed the uncertainty of assigning values to these 

parameters and is easily applied to laboratory and field settings. It is 

recommended that in the future, slopes in both field and laboratory settings be 

measured above and below the dune toe to determine in-situ values for critical 

wet and dry avalanching slopes. 

 The morphological component of the XBeach model is highly sensitive to input 

parameters. Un-calibrated the model makes poor predictions. 

 The threshold water depth was the most important parameter in the calibration of 

these tests. A wide range of values cited in previous literature indicate that this 

has been used as a free parameter to calibrate tests. More work is needed to 

determine what an appropriate range of values for the parameters are. 

 The SVR sediment transport formulation was better at predicting the erosional 

trends of the dune; however, both sediment transport formulations in the model 

over-predicted erosion at the dune toe. It is recommended that the SVR 

formulation be used for dune erosion cases. 

 XBeach made better predictions of eroded dune shape for tests in the overwash 

regime as opposed to the collision regime. 

Recommendations for future work on the numerical model include. 
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 Testing the model for similar conditions at the remaining two dune erosion 

regimes (namely, swash and inundation) to be able to compare model ability 

across all regimes. 

 Establishing a series of criteria to help users choose reasonable values for input 

parameters not physically based or not well described by the model manual (in 

particular threshold water depth). 
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Chapter 4  

Precise velocity measurements in the outer surf zone over a fixed bed 

steep dune under storm surge conditions 

 

4.1 Introduction and Background 

In the nearshore coastal environment, the wave bottom boundary layer (WBBL) is 

described as the region of flow closest to the bed where a gradient forms between free 

stream orbital velocity and wave orbital velocity close to the bed. A schematic of an 

idealized WBBL under monochromatic waves is shown in Figure 4.1, where u is cross-

shore velocity (positive directed offshore) at some height above the bed (hab), t is time, η 

is water surface elevation, U is free stream velocity (above the WBBL) and δ is the height 

of the WBBL.  

 

Figure 4.1: Sketch of the WBBL beneath a monochromatic wave at three wave phases: t1, 

beneath the wave crest, t2, during the decelerating flow, and t3, beneath the wave trough 

(from Foster, 1996). 

 

U at hab = δ 

η at t1 

η at t2 

η at t3 

u(hab) at t3 

u(hab) at t2 

u(hab) at t1 
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The WBBL has a strong influence on the initiation of sediment transport (Doering et al., 

2001) as well as on the formation of bedforms (Foster et al., 2000). An understanding of 

these near-bed flows is important for comprehension of sediment transport in the surf 

zone as well as for predicting morphological change. 

Wave-driven velocities in the WBBL oscillate rapidly, making measurements of 

this region difficult. Near bed flows have previously been studied in oscillating water 

tunnels (e.g: Kamphuis, 1975; Jonsson and Carlsen, 1976; and Jensen et al., 1989) using 

shear plates, micropropellers and hot film probes to measure velocities and forces. These 

studies successfully observed oscillatory flows but they did not simulate breaking waves; 

this made it difficult to fully study the processes and the influences of breaking waves 

(Fredsoe et al., 2003). Experiments in wave flumes have been conducted by Cox et al. 

(1996) and Cox et al. (2010);  using a Laser Doppler Velocimeter Lens (LDV) to measure 

flows over a planar piece of plexiglass with fixed granular material with up to 1 mm 

vertical resolution near the bed. Huang et al. (2012) measured flows over smooth 

bottoms, using particle imaging velocimetry and obtained measurements ≤ 0.1mm from 

the bed. Field measurements collected by Foster et al. (2000), Raubenheimer et al. (2004) 

and Puleo et al. (2012), successfully observed the WBBL but highlighted the difficulty of 

measuring flows under mobile bed conditions.  

Currently there are few sets of comprehensive near-bed velocity datasets across the 

surf zone, especially of flow over realistic beds. Acoustic sensors that sample over a 

small volume of fluid, such as the Acoustic Doppler Velocimeter (ADV), have advanced 

the science of measuring near-bed velocities (Cea et al., 2007), allowing for high 

resolution measurements of flow. The objective of this study is to examine the variability 
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of surface waves and wave orbital velocities at many locations across the outer surf zone, 

using a laboratory experiment with a fixed bed. In this manuscript the measurements and 

data analysis are presented in Section 4.2; experimental results are described in Section 

4.3 and conclusions are presented in Section 4.4.  

 

4.2 Measurements of Velocities in the Outer Surf Zone 

Laboratory tests were conducted in a 22.75 m long, 1.7 m wide, 0.7 m deep channel 

constructed in the Queen’s University Coastal Engineering Research Laboratory 

(QUCERL) wave basin using a 10.5 m long piston type wave paddle. A planar gradually 

sloping bed (slope 1:200) culminated at the landward edge in a steep dune with a slope of 

1:1.3. A profile of the beach and dune is shown in Figure 4.2a, where x is the distance 

along channel with x = 0 at the basin wall (landward of the dune) and x = 22.75 m at the 

wave paddle. The dune was constructed using silica sand with D50 = 0.165 mm. This bed 

was then fixed, using a mixture of cement and a larger grained sand, to retain the granular 

roughness of the original bed (Ebrahimi and da Silva, 2013).  

 Instrumentation of the test consisted of 8 capacitance-type gauges and 1 Nortek 

Vectrino II ADV. The Nortek Vectrino II has a vertical range of 0.03 m (from 0.04 – 0.07 

m from the probe head) and a vertical resolution of 1 mm. The accuracy of the instrument 

is ± 0.5% of measured values ± 1 mm/s (Nortek, 2014). For the present tests, 

measurements were conducted at 25 Hz. The ADV and probes P1 and P2 were mounted 

on a moveable instrumentation cart. The remaining wave probes were fixed on tripods 

(probes P3 – P8, see Figure 4.2a). A bichromatic spectral wave signal was generated 

using GEDAP software (Generalized Experiment Control and Data Acquisition Package; 

Miles, 1997) with an offshore significant wave height (Hs) of 0.16 m. A full description 
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of the experimental set-up of this laboratory tests including bed-fixing method, detailed 

wave measurements and a full description of instrumentation is included in Chapter 2. 

 

 

Figure 4.2: Experimental set-up of laboratory tests: a) Initial beach and dune profile with 

channel instrumentation; and b) close-up profile of the dune including the locations of 

bottom velocities measurements. Blanking distance of the ADV (db) was 0.04 m. 
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The instrumentation cart was moved to the 17 different horizontal measurement 

stations shown in Figure 4.2b, where velocities were measured for 520 seconds at each. 

Observations began at the most offshore location (x = 3.03 m), where waves were 

observed to start breaking, and continued until x = 1.88 m. Due to physical size 

limitations of the ADV head in reducing water depth toward shore, observations were not 

made for x ≤ 1.88 m. The water depth below the wave troughs was greater than the range 

of the ADV (0.03 m), so the ADV was moved vertically to several stations at each 

horizontal location to measure the oscillatory flows over the full water column. 

Measurements were first made closest to the bed and moved up in 0.02 m intervals (to  

ensure sufficient overlap between profiles) until the probe head was exposed. A list of 

measurement locations is included in Table 4.1. 

 

Table 4.1: ADV measurement locations  

Station # x (m) # of profiles h (m) Hs (m) 

1 1.88 1 0.142 0.137 

2 1.93 3 0.159 0.159 

3 1.98 2 0.171 0.165 

4 2.03 3 0.181 0.157 

5 2.08 5 0.186 0.154 

6 2.13 5 0.190 0.153 

7 2.18 4 0.193 0.146 

8 2.23 4 0.193 0.147 

9 2.28 4 0.194 0.148 

10 2.33 5 0.192 0.132 

11 2.38 5 0.191 0.118* 

12 2.48 6 0.195 0.118* 

13 2.58 6 0.201 0.105* 

14 2.68 6 0.200 0.118* 

15 2.78 6 0.198 0.134* 

16 2.88 6 0.201 0.164* 

17 3.03 5 0.201 0.199* 

* Hs was measured 0.05m shoreward of the ADV location 
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4.2.1 Velocity Data Processing 

An important step in acoustic data processing was removing noisy data near the 

bottom boundary due to inference with the strongly reflecting bed, expected to be within 

5 mm above the bed (Rusello, 2013) depending on the type of bottom boundary. To 

distinguish between measurements and noise, the signal-to-noise ratio (SNR) was 

averaged for the near-bed velocity profiles as shown in Figure 4.3. A significant peak in 

SNR is observed when hab ≤ 0.003 m and for this reason all data below this point was 

discarded. 

 

Figure 4.3: Signal-to-noise ratio for two near-bed stations for all three acoustic beams: a) 

x = 2.08 m, and b) x = 3.03 m. The dark horizontal line represents the bed location; the 

light horizontal line represents the near-bed vertical data limit. 

 

Raw data was filtered according to the procedure described by Jesson et al. (2013) 

to remove noise. Three methods of treating the data were tested, including phase-space 
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thresholding PST (Goring and Nikora, 2002), modified phase-space thresholding, m-PST 

(Parsheh et al., 2010), and velocity correlation, VC (Cea et al., 2007). All three methods 

produced similar filtered velocity profiles; therefore, the PST method was selected for 

final data processing because it was the best at removing noise and outlying or erroneous 

data points. An example of raw and filtered data is shown in Figure 4.4. Filtered profiles 

for all measurement locations are included in Appendix G. 

 

 

Figure 4.4: Example velocity profiles for data measured at x = 2.03 m: a) raw data with 

noticeable spikes and b) processed data using the PST method. 
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4.3 Observations and Results 

A sample of velocities measured at x = 2.48 m are shown in Figure 4.5, and 

oscillate from approximately u = 0.5 to -0.5m/s. When hab ≤ 0.006 m there is a noticeable 

reduction in magnitude, as u tends towards zero near the bed. Velocities higher in the 

water column (hab = 0.023 m) have relatively consistent peaks and troughs, showing only 

minor effects due to the wave groups at the surface. In contrast, velocities near the bed 

for hab = 0.004 (see Figure 4.5d), show evidence of the wave groups at the surface, made 

evident by the large discrepancy between peaks and troughs. Velocities between 120 – 

130 s, which correspond to the largest waves in the bichromatic groups, are much higher 

than velocities on either end of the time series.  

Measured velocities were compared to the first order solution for monochromatic 

waves (Svendsen, 2010) which is described by 

   (         
  
    (      )    (4.1) 

where θ is the wave phase. The theoretical result of Equation 4.1 and the observed 

profiles are shown in Figure 4.6 for several points in the wave phase. The shapes of the 

observed velocity profiles closely resemble theory; however, the distribution of profiles 

over the phase does not agree. The mean wave velocities measured below the wave 

troughs are positive, resulting in a mean offshore-directed ‘undertow’. Velocities are 

positive after the wave crest (see Figure 4.1), but because the wave skewness in the outer 

surf zone is high (as a result of wave shoaling), wave crests become shorter and more 

peaked as wave troughs become smoother and wider. This results in the uneven velocity 

distribution seen here (details on wave skewness measured in the outer surf zone are 

included in Chapter 2). 
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Figure 4.5: Sample velocities from 30 s of near-bed measurements at x = 2.48 m: a) 

vertical profile, b) hab = 0.023m, c) hab = 0.011 m and d) hab = 0.004 m. 
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Figure 4.6: Observations at x = 2.88 m: a) water surface elevation and times of bottom 

velocity profiles (coloured markers); and b) observed (coloured lines with dots) and 

theoretical (black lines) variability in near-bed flow with wave phase (x = 2.88 m, t = 66 

s), normalized with respect to U. 

 

At each measurement location, more than 8000 velocity profiles were collected. 

The data was analyzed to discover the dominant along-channel trends. First, ensemble 

averages of the velocity data were calculated at each location. The peak wave period (Tp 

= 2.1 s) was used to divide the velocity measurements into eight phases which could be 

averaged. Ensemble averaged velocities from three measurement stations are shown in 

Figure 4.7. These clearly indicate the difference in the shape of the velocity profiles 
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throughout the outer surf zone. The furthest offshore (x = 2.88 m) exhibits a small range 

of velocities and predominantly offshore flow resulting in δ ≈ 0.005m. The ensemble 

averaged velocity profile from the center of the outer surf zone (x = 2.48 m) has much 

stronger near bed velocities of up to 0.35 m/s and a distinct outwards bulge of the 

maximum offshore and onshore velocities at hab = 0.007 m resulting in δ ≈ 0.010 m. The 

near shore measurements (x = 2.08 m) were very close to zero at the bed indicating low 

shear stresses in this region resulting in δ ≈ 0.006 m. Ensemble averaged velocities of all 

profiles are included in Appendix H.  

 

 

Figure 4.7: Ensemble averaged velocity profiles including the rms velocity as the thick 

dashed line: a) x = 2.88 m, b) x = 2.48 m, and c) x = 2.08 m.  

 

To compare the changing shapes of near-bed velocity profiles, ensemble averaged 

velocities were normalized by the free stream velocities. The results are shown in Figure 

4.8 for six measurement stations.  Most significant is the outward bulge observed in 

Figure 4.8b for the profile at x = 2.48 m. Here, velocities near the bed jump to 1.3 times 

the magnitude of the free streaming velocities above. 
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Figure 4.8: Normalized ensemble averaged velocities to show along channel variability: 

a) nearshore locations x = 2.13 m, x = 2.23 m and x = 2.48 m, and b) offshore locations x 

= 2.58 m, x = 2.78 m and x = 3.03 m. 

 

The root-mean-square velocities (urms) were calculated for each 1 mm bin and are 

shown Figure 4.9. Above the WBBL, free stream velocities are relatively constant 

throughout the water column. Deviations from the straight lines in Figure 4.8 high in the 

water column were likely influenced by breaking surface waves. The thickness of the 

WBBL (see Figure 4.9b) was determined by selecting the point at which the difference 

between consecutive urms values was less than 0.05 m/s. The boundary layer generally 

increased across the outer surf zone to a maximum of 0.011 m at x = 2.13 m.  

To understand the near bed velocities in terms of the surface waves forcing, the 

significant wave height (Hs), wave skewness (Sk) and wave asymmetry (As) are 

compared to WBBL thickness and measured velocities in Figure 4.9. The WBBL 
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thickness was generally thinner under the larger waves (e.g. x = 3.0 to 2.6 m) and thicker 

where waves were smaller (e.g. x = 2.5 to 2.1 m). This suggests that wave breaking, 

indicated by the changes in Hs from x = 3.0 to 2.5 m, has a strong influence on the WBBL 

thickness, possibly due to increased turbulence. In general, the wave skewness decreased 

across the measurement region from high values close to 1 and the WBBL thickness 

increased from δ = 0.003 m at x = 2.78 m to a maximum observed value of δ = 0.011 m at 

x = 2.03 m. The maximum region of WBBL thickness also corresponded to locations 

with negative wave asymmetry. Figure 4.10c shows the rms free stream velocity (Urms), 

the near bed rms velocity at hab = 0.004 m (urms) and the mean velocity calculated across 

all bins at each measurement locations (umean). Free stream velocities were found to reach 

a maximum around x = 2.48 m, again where Hs is at a minimum. Near-bed velocities 

followed a similar trend to the free stream velocities from x = 3.03 – 2.5 m, but appeared 

to increase and decrease with no apparent trend shoreward of this region. Mean velocities 

were positive throughout the entire outer surf zone, indicating strong offshore flows in 

form of undertow.  

 



93 

 

 

Figure 4.9: Distribution of velocity profiles in ms
-1

 (urms) along channel,  developed from 

combining successive vertical  measurements at each horizontal station :, a) full profiles; 

b) close-up near-bed profiles velocities location of the top of the WBBL  is indicated by 

the circle. Note that velocities were divided by 2  to the along channel distribution 

without overlap. 
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Figure 4.10: Along channel measurements across the outer surf zone: a) significant wave 

height, b) wave skewness and asymmetry, c) rms free stream velocity (Urms), rms velocity 

at hab = 0.004 m (urms) and depth and time, mean velocity (umean), and d) bottom boundary 

layer thickness.  
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4.4 Conclusions 

The main findings of the work in this manuscript are summarized as follows. 

 The wave bottom boundary layer (WBBL) thickness varied with the surface 

significant wave height and other wave statistics, suggesting that wave breaking 

has an influence on the WBBL thickness. 

 The shapes of the near-bed velocity profiles varied throughout the outer surf zone. 

The profiles compared well in shape with the first order solution for 

monochromatic waves but were not in phase.  

 Mean velocities were directed offshore, indicating strong undertow beneath the 

wave troughs.  

Overall, these high-resolution near bed velocity measurements suggest that the 

WBBL changes rapidly across the outer surf zone as wave breaking drives strong 

changes in wave statistics. In the future, it is recommended that these measurements be 

compared to equations for WBBL thickness as well as velocity profile shape formulations 

for bichromatic waves. This work will help to improve our understanding of 

hydrodynamics in the surf zone that drive sediment transport and induce morphological 

changes of coastal regions. 
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Chapter 5  

Conclusions and Recommendations 

5.1 Conclusions 

A series of laboratory experiments were conducted to improve the understanding of 

the processes involved in dune erosion for the collision and overwash regimes. These 

experiments were then used to calibrate the numerical model XBeach. The main findings 

of this research are: 

 In the outer surf zone, detailed measurements of surface water elevation in the 

laboratory experiments revealed two distinct regions of breaking for waves in 

both regimes. 

 During the morphological phase of testing, erosion of the dune in the collision 

regime occurred through episodic slumping of the dune face. This resulted in the 

rate of erosion of the dune face and the rates of advance of the beach following 

non-continuous trends. However, in the overwash regime, erosion of the dune 

occurred continuously due to the run-up overtopping the dune crest.  

 As both the LW and HW tests progressed, ripples continued to grow towards 

equilibrium; equilibrium was reached during testing of the ripple lengths but the 

ripple heights continued to grow. The range of ripple heights observed at each 

measurement diversified with time and the standard deviation subsequently 

increased.  

 XBeach was not able to reproduce spatial variations in the significant wave 

heights measured across the outer surf zone during laboratory tests; however, 
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predicted mean offshore velocities were well predicted by the model, suggesting 

accurate estimates of shear stresses.  

 Previously widely used as free calibration parameters, the critical wet and dry 

slopes (used in the avalanching component of the model) were in this test 

measured from maximum slopes above and below the dune toes in laboratory 

tests. This method removed the uncertainty of assigning values to these 

parameters and is easily applied to laboratory and field settings. It is 

recommended that in the future slopes in both field and laboratory settings be 

measured above and below the dune toe to determine in-situ values for critical 

wet and dry avalanching slopes. 

 The threshold water depth was the most important parameter in the calibration of 

these tests. A wide range of values cited in previous literature indicate that this 

has been used as a free parameter to calibrate tests. More work is needed to 

determine what an appropriate range of values for the parameters are. 

 The SVR sediment transport formulation was better at predicting the erosional 

trends of the dune; however, both sediment transport formulations in the model 

over-predicted erosion at the dune toe. It is recommended that the SVR 

formulation be used for dune erosion cases. 

 XBeach made better predictions of eroded dune shape for tests in the overwash 

regime as opposed to the collision regime. 

 The wave bottom boundary layer (WBBL) thickness varied with the surface 

significant wave height and other wave statistics, suggesting that wave breaking 

has an influence on the WBBL thickness. 
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 The shapes of the near-bed velocity profiles varied throughout the outer surf zone. 

The profiles compared well in shape with the first order solution for 

monochromatic waves but were not in phase.  

5.2 Recommendations for Future Work 

 To further investigate the erosion of sand dunes it would be beneficial to repeat 

these tests so that all regimes were covered. These could then be tested in the 

XBeach model to gain a better understanding of model strengths across all 

regimes. 

 In these tests, success was achieved measuring slopes from laboratory experiment 

bathymetry and using maximum slopes above and below the dune toe for the 

critical wet and dry slope input parameters for XBeach. More applications of this 

method to laboratory and field conditions are needed. 

 The input parameter threshold water depth, eps, has a significant influence on the 

rate of dune erosion. As such, a better understanding of how this parameter affects 

morphology is required to help users of XBeach chose realistic values. 

 It is recommended that the bottom velocity measurements be compared to 

equations for WBBL thickness as well as velocity profile shape formulations for 

bichromatic waves. This work will help to improve our understanding of 

hydrodynamics in the surf zone that drive sediment transport and induce 

morphological changes of coastal regions. 
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  Appendix A

Spectra from all probes during fixed bed experiments  
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Figure A.1: LW test spectra plots used to determine Hs for x = 21.2 – 2.33 m. 
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Figure A.2: LW Test spectra used to determine Hs for x = 2.38 – 1.88 m. 
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Figure A.3: LW test spectra plots from x = 21.2 to 2.33 m with logarithmic y-axis to 

show the peak in long wave energy. 
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Figure A.4: LW test spectra plots from x = 2.28 to 1.88 m with logarithmic y-axis to 

show the peak in long wave energy. 
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Figure A.5: HW test spectra plots used to determine Hs for x = 21.2 – 2.33 m. 
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Figure A.6: HW test spectra plots used to determine Hs for x = 2.28 to 1.93 m. 
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Figure A.7: HW test spectra plots from x = 21.2 to 2.33 m with logarithmic y-axis to 

show the peak in long wave energy. 
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Figure A.8: HW test spectra plots from x = 2.28 to 1.93 m with logarithmic y-axis to 

show the peak in long wave energy. 
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  Appendix B

Additional Bedform Plots 
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Figure B.1: Bed elevation profiles for the LW test with Zone 1 and Zone 2 identified 
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Figure B.2: Bed elevation profiles for the HW test with Zone 1 and Zone 2 identified 
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Figure B.3: Histograms of ripple height, with normal distribution overlaid, for the LW 

test where (h) compares the normal distributions of three selected measurement intervals. 
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Figure B.4: Histograms of ripple height, with normal distribution overlaid, for the HW 

test where (g) compares the normal distributions of three selected measurement intervals. 
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  Appendix C

Supplementary XBeach Figures 
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Figure C.1: Three non-stationary wave breaker formulations with default flow input 

parameters as applied to the LW test model. Observations of Hs from the laboratory are 

included. 
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  Appendix D

XBeach Model Input Files (params.txt) 
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LW test – Fixed Bed 

----Bathymetry Specification---- 

 

nx        = 229   Number of grid cells in x-direction (-) 

ny         = 0   Number of grid cells in y-direction (-), ny = 0  

means XBeach runs in 1D mode 

posdwn    = -1   Switch for vertical elevation definition (-) 

vardx     = 1   Switch for non-equidistant grid 

depfile  = depfile.txt  Name of file containing depths (m) 

xfile      = xfile.txt  Name of file containing x distances (m) 

alfa       = 0   Angle of x-axis from East (deg) 

left       = 1   Switch for lateral boundary at left (1 = wall) 

right      = 1   Switch for lateral boundary at left (1 = wall) 

zs0        = 0.395  Initial water level at offshore boundary (m) 

rho        = 1000   Density of water (kg•m
-3

) 

ARC  = 0   Switch for active reflection compensation at  

offshore boundary (0 = no) 

----Time Specs---- 

 

tstart     = 0   Start time of simulation (s) 

tstop      = 960   Stop time of simulation (s) 

 

----Wave Input---- 

 

instat   = 1   Wave boundary condition option 

dir0   = 270   Mean wave direction (deg) 

Tm01   = 2.132  Spectral period (s) 

Tlong   = 22   Long wave/wave group period (s) 

Hrms   = 0.17   Maximum wave height (bichromatic waves) 

gamma  = 0.78   Breaking parameter in breaker formulation 

 

----Morphological Updating---- 

 

morphology   = 0   Switch for morphology on/off (0 = off) 

cf           = 0.003  Flow friction coefficient  

 

---- Output Descriptors ---- 

 

tintm     = 960   Time output for mean output values 

nmeanvar  = 4   Number of mean variables to output 

H     - Wave height 

Hh     - Water depth 

nglobalvar  = 0   Number of global variables to output 
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HW test – Fixed Bed 

----Bathymetry Specification---- 

 

nx      = 229   Number of grid cells in x-direction (-) 

ny        = 0   Number of grid cells in y-direction (-), ny = 0  

means XBeach runs in 1D mode 

posdwn    = -1   Switch for vertical elevation definition (-) 

vardx     = 1   Switch for non-equidistant grid 

depfile   = depfile.txt  Name of file containing depths (m) 

xfile      = xfile.txt  Name of file containing x distances (m) 

alfa       = 0   Angle of x-axis from East (deg) 

left       = 1   Switch for lateral boundary at left (1 = wall) 

right      = 1   Switch for lateral boundary at left (1 = wall) 

zs0        = 0.470  Initial water level at offshore boundary (m) 

rho        = 1000   Density of water (kg•m
-3

) 

ARC  = 0   Switch for active reflection compensation at  

offshore boundary (0 = no) 

----Time Specification---- 

 

tstart     = 0   Start time of simulation (s) 

tstop      = 960   Stop time of simulation (s) 

 

----Wave Input---- 

 

instat   = 1   Wave boundary condition option 

dir0   = 270   Mean wave direction (deg) 

Tm01   = 2.132  Spectral period (s) 

Tlong   = 22   Long wave/wave group period (s) 

Hrms   = 0.16   Maximum wave height (bichromatic waves) 

gamma  = 0.78   Breaking parameter in breaker formulation 

 

----Morphological Updating---- 

 

morphology   = 0   Switch for morphology on/off (0 = off) 

cf           = 0.003  Flow friction coefficient  

 

---- Output Descriptors ---- 

 

tintm     = 960   Time output for mean output values 

nmeanvar  = 4   Number of mean variables to output 

H     - Wave height 

Hh     - Water depth 

nglobalvar  = 0   Number of global variables to output 

 

 



120 

 

LW test – Mobile Bed 

----Bathymetry Specification---- 

 

nx        = 229   Number of grid cells in x-direction (-) 

ny         = 0   Number of grid cells in y-direction (-), ny = 0  

means XBeach runs in 1D mode 

posdwn    = -1   Switch for vertical elevation definition (-) 

vardx     = 1   Switch for non-equidistant grid 

depfile  = depfile.txt  Name of file containing depths (m) 

xfile      = xfile.txt  Name of file containing x distances (m) 

alfa       = 0   Angle of x-axis from East (deg) 

thetamin  = -90   Lower directional limit (deg) 

thetamax  = 90   Upper directional limit (deg) 

dtheta    = 20   Directional resolution (deg) 

left       = 1   Switch for lateral boundary at left (1 = wall) 

right      = 1   Switch for lateral boundary at left (1 = wall) 

zs0        = 0.395  Initial water level at offshore boundary (m) 

rho        = 1000   Density of water (kg•m
-3

) 

ARC  = 0   Switch for active reflection compensation at  

offshore boundary (0 = no) 

----Time Specs---- 

 

tstart     = 0   Start time of simulation (s) 

tstop      = 30,600  Start time of simulation (s) 

 

----Mean Variable Output---- 

 

tintm     = 60   Time output for mean output values 

nmeanvar  = 2   Number of mean variables to output 

H     - Wave height 

Hh     - Water depth 

 

-- Global Variable Output --- 

 

tint       = 60   Time output for global output values 

nglobalvar = 1    Number of global variables to output 

zb     - Bed profile 

 

----Wave Input---- 

 

instat   = 1   Wave boundary condition option 

dir0   = 270   Mean wave direction (deg) 

Tm01   = 2.132  Spectral period (s) 

Tlong   = 22   Long wave/wave group period (s) 

Hrms   = 0.17   Maximum wave height (bichromatic waves) 
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gamma  = 0.78   Breaking parameter in breaker formulation 

 

----Morphological Updating---- 

 

D50         = 0.000165  Uniform D50 sediment diameter (m) 

D90         = 0.000240  Uniform D90 sediment diameter (m) 

dryslp      = 15   Critical avalanching slope above water 

wetslp      = 0.3   Critical avalanching slope below water 

morphology   = 1   Switch for morphology on/off (1= on) 

morstart     = 0   Start time of morphological updates (s) 

hmin         = 0.2   Threshold water depth for concentration and  

     return flow (m) 

eps          = 0.02   Threshold depth for drying and flooding (m) 

hswitch      = 0.005  Water depth at interface from wetslp to dryslp (m) 

cf           = 0.003  Flow friction coefficient 

struct       = 1   Option for hard structures (1 = yes) 

ne_layer     = hardfile.txt  Name of file with location of fixed cells 

form   =1   Option for SVR(1) or VRVT(2) 

HW test – Mobile Bed 

----Bathymetry Specification---- 

 

nx        = 229   Number of grid cells in x-direction (-) 

ny         = 0   Number of grid cells in y-direction (-), ny = 0  

means XBeach runs in 1D mode 

posdwn    = -1   Switch for vertical elevation definition (-) 

vardx     = 1   Switch for non-equidistant grid 

depfile  = depfile.txt  Name of file containing depths (m) 

xfile      = xfile.txt  Name of file containing x distances (m) 

alfa       = 0   Angle of x-axis from East (deg) 

thetamin  = -90   Lower directional limit (deg) 

thetamax  = 90   Upper directional limit (deg) 

dtheta    = 20   Directional resolution (deg) 

left       = 1   Switch for lateral boundary at left (1 = wall) 

right      = 1   Switch for lateral boundary at left (1 = wall) 

zs0        = 0.395  Initial water level at offshore boundary (m) 

rho        = 1000   Density of water (kg•m
-3

) 

ARC  = 0   Switch for active reflection compensation at  

offshore boundary (0 = no) 

----Time Specs---- 

 

tstart     = 0   Start time of simulation (s) 

tstop      = 30,600  Start time of simulation (s) 
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----Mean Variable Output---- 

 

tintm     = 60   Time output for mean output values 

nmeanvar  = 2   Number of mean variables to output 

H     - Wave height 

Hh     - Water depth 

 

-- Global Variable Output --- 

 

tint       = 60   Time output for global output values 

nglobalvar = 1    Number of global variables to output 

zb     - Bed profile 

 

----Wave Input---- 

 

instat   = 1   Wave boundary condition option 

dir0   = 270   Mean wave direction (deg) 

Tm01   = 2.132  Spectral period (s) 

Tlong   = 22   Long wave/wave group period (s) 

Hrms   = 0.16   Maximum wave height (bichromatic waves) 

gamma  = 0.78   Breaking parameter in breaker formulation 

 

----Morphological Updating---- 

 

D50         = 0.000165  Uniform D50 sediment diameter (m) 

D90         = 0.000240  Uniform D90 sediment diameter (m) 

dryslp      = 15   Critical avalanching slope above water 

wetslp      = 0.3   Critical avalanching slope below water 

morphology   = 1   Switch for morphology on/off (1= on) 

morstart     = 0   Start time of morphological updates (s) 

hmin         = 0.2   Threshold water depth for concentration and  

     return flow (m) 

eps          = 0.02   Threshold depth for drying and flooding (m) 

hswitch      = 0.005  Water depth at interface from wetslp to dryslp (m) 

cf           = 0.003  Flow friction coefficient 

struct       = 1   Option for hard structures (1 = yes) 

ne_layer     = hardfile.txt  Name of file with location of fixed cells 

form  = 1   Option for SVR(1) or VRVT(2)
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  Appendix E

XBeach Run Logs 
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Table E.1: A list of all runs performed using the XBeach model to both calibrate the model and to determine its sensitivities for the 

LW fixed bed case. Tests are named in the order in which they were performed and therefore not all parameters are grouped together 

when they were being modified. Test30 (bold) was the final calibrated simulation. 

Name Description Hrms α γ γx n cf break Notes if Applicable 

Test1 Initial Test  0.18 1 0.55 2 10 0.003 3 Baseline Condition  

Test2 Test1 with γ = 0.4 0.18 1 0.4 2 10 0.003 3 The γ parameter has a significant effect on the incoming wave 

heights; breaking location does not change significantly. 

Higher γ = greater incoming wave heights as expected 
Test3 Test1 with γ = 0.9 0.18 1 0.9 2 10 0.003 3 

Test4 Test1 with α = 0.5 0.18 0.5 0.55 2 10 0.003 3 Decreasing α slightly increases the incoming wave height, 

increasing the α decreases the wave height. Breaking location 

is not significantly altered. 
Test5 Test1 with α = 2 0.18 2 0.55 2 10 0.003 3 

Test6 Test1 with γx = 1 0.18 1 0.55 1 10 0.003 3 Lowering γx below the γ value of 0.55 significantly decreased 

the incoming wave height and changed the breaking profile. 

Increasing γx to 1 had only a very minor effect is slightly 

increasing the distances over which breaking extended. 

Test7 Test1 with γx = 0.4 0.18 1 0.55 0.4 10 0.003 3 

Test8 Test1 with γx = 0.4, α 

= 2, γ = 0.4 

0.18 2 0.4 0.4 10 0.003 3 NOT good when all combined together 

Test9 Test1 with Hrms = 

0.19 

0.19 1 0.55 2 10 0.003 3 Tests were done to establish the effect of the offshore wave 

height to check how influential any errors in the wave probes 

would be. Test10 Test1 with Hrms = 

0.17 

0.17 1 0.55 2 10 0.003 3 

Test11 Test7 with Hrms = 

0.19 

0.19 1 0.55 0.4 10 0.003 3 

Test12 Hrms = 0.13, default 

parameters, 

including cf 

0.13 1 0.55 2 10 0.003 3 Lower Hrms tests were also done to check effect of offshore 

probe values. Here cf was modified to check the effect that 

bottom friction has on the breaking profile. 

Test13 Test12 with cf = 0.1 0.13 1 0.55 2 10 0.1 3 

Test14 Test1 (new outputs) 0.18 1 0.55 2 10 0.003 3 Baseline re-run with added outputs 

Test15 Test3 but with γ = 

0.8 

0.18 1 0.8 2 10 0.003 3 Continuing to test a range of γ values 

Test16 Test3 but with γ = 0.18 1 0.7 2 10 0.003 3 
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0.7  

Test17 Test16 with ARC = 0  0.18 1 0.7 2 10 0.003 3 No difference if ARC = 1 or 0! 

Test18 Test16 with 

waveform = 1 which 

means turb must = 1 

0.18 1 0.7 2 10 0.003 3 No Difference. Noted 

Test19 Test16 with break = 

1  

0.18 1 0.7 2 10 0.003 1 Makes a difference however the straight line from the paddle 

in towards shore stays constant. Stick with the default 

conditions because no difference is made. Test20 Test16 with break = 

2  

0.18 1 0.7 2 10 0.003 2 

Test21 Test16 with n = 5  0.18 1 0.7 2 5 0.003 3 Decreasing n decreases the height at which the waves come in 

towards the dune, increasing n increases the height at which 

waves come in. 
Test22 Test16 with n = 20  0.18 1 0.7 2 20 0.003 3 

Test23 Not Completed 

 Test24 

Test25 Changed Hrms  

Hm0 

0.162 1 0.7 2 10 0.003 3  

Test26 Test16 with break = 

4 

0.18 1 0.7 2 10 0.003 4  

Test27 Test16 with break = 

5 

0.18 1 0.7 2 10 0.003 5  

Test28 Test1 but Hrms = 0.17 

and γ = 0.7 

       ** See if this is any better and if not move on! (0.17 might be 

a better maximum though) 

Test29 Test1 but Hrms = 

0.17 and γ = 0.78 

0.18 1 0.78 2 10 0.003 3 ** See if this is any better and if not move on! (0.17 might be 

a better maximum though) 

Test30 Same as Test29 but 

with ARC = 0 

0.18 1 0.78 2 10 0.003 3  

Test31 Break = 1 (Test 30) 0.18 1 0.78 2 10 0.003 1  

Test32 Break = 2 (Test 30) 0.18 1 0.78 2 10 0.003 2  

Test33 Break = 4 (Test 30) 0.18 1 0.78 2 10 0.003 4  

Test34 Break = 5 (Test 30) 0.18 1 0.78 2 10 0.003 5  

  



126 

 

Table E.2: A list of all runs performed using the XBeach model to both calibrate the model and to determine its sensitivities for the 

HW fixed bed case. Test17 (bold) was the final calibrated simulation. 

Name Description Hrms α γ γx n cf break Notes if Applicable 

Test1 No morphology (default parameters) 0.13 1 0.55 2 10 0.003 3  

Test2 cf = 0.1 0.13 1 0.55 2 10 0.1 3 
 

Test3 Same as Test2 but with new outputs 0.13 1 0.55 2 10 0.1 3  

Test4 Test 1 with γ = 0.7. and Hrms = 0.17 0.17 1 0.7 2 10 0.003 3  

Very similar to instat = 5, below 

measured wave heights Test5 Hrms = 0.11, γ  = 0.7 0.11 1 0.7 2 10 0.003 3 

Test6 Test 5 with dir0 = 180 0.11 1 0.7 2 10 0.003 3 Very reduced energy (9cm after lip) 

Very reduced energy (9cm after lip) Test7 Test 5 with dir0 = 360 0.11 1 0.7 2 10 0.003 3 

Test8 Test5 with dir0 = 90 0.11 1 0.7 2 10 0.003 3 No waves coming in 

Test9 Test5 with n = 128 0.11 1 0.7 2 128 0.003 3 Decreases wave height significantly 

No change 

No change 
Test10 Test5 with n = 2 0.11 1 0.7 2 10 0.003 3 

Test11 Test5 with thetamin = -10 and 

thetamax = 10 

0.11 1 0.7 2 10 0.003 3 

Test12 Test5 with thetamin = 260 and 

thetamax = 280 

0.11 1 0.7 2 10 0.003 3 No change 

 

Test13 Test5 with tintm  = 240, try looking 

at only last timestep average 

0.11 1 0.7 2 10 0.003 3 

Test14 Test 1 with γ = 0.78 and Hrms = 0.17 0.17 1 0.78 2 10 0.003 3 Too high! 

Test15 Hrms = 0.17 and γ = 0.55 0.17 1 0.55 2 10 0.003 3  

 Test16 Hrms = 0.16, γ = 0.55 0.16 1 0.55 2 10 0.003 3 

Test17 Hrms = 0.16, γ = 0.78 0.16 1 0.78 2 10 0.003 3  

Test18 Test17 with ARC = 0 0.16 1 0.78 2 10 0.003 3  
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Table E.3: A list of all runs performed using the XBeach model to both calibrate the model and to determine its sensitivities for the 

LW test mobile bed case. Note: The majority of the sensitivity testing for the mobile bed conditions was done at the same time as the 

fixed bed tests. For this reason, finalized wave conditions are not used throughout all of these tests. Test70 (bold) was the chosen run. 

Name Description t mwet mdry Hrms hmin eps hswitch cf Notes 

Test1 Nx = 12,000, Ny = 8 240 0.3 1 0.15 0.001 0.001 0.01 0.1  

Test2 Nx = 12,000, 1D  240 0.3 1 0.15 0.001 0.001 0.01 0.1  

Test3 Nx = 229 , 1D, Hs = 0.15 240 0.3 1 0.15 0.001 0.001 0.01 0.1  

Test4 Nx = 229, Hs = .18 240 0.3 1 0.18 0.001 0.001 0.01 0.1  

Test5 Nx = 229, Hs = .18 900 0.3 1 0.18 0.001 0.001 0.01 0.1  

Test6 Same as Test5 but with 

hardlayers 

3600 0.3 1 0.18 0.001 0.001 0.01 0.1 Erosion is too aggressive and 

occurs too quickly. 

Test7 Same as Test6 but shorter 

and mdry = 10 

960 0.3 10 0.18 0.001 0.001 0.01 0.1 Still too aggressive. The slope 

of the dry region is steeper.  

Test8 Test7 but w/ mdry = 5 960 0.3 5 0.18 0.001 0.001 0.01 0.1 Less steep slope in the dry 

region 

Test9 Test7 but w/ mdry = 15 960 0.3 15 0.18 0.001 0.001 0.01 0.1 Steepest slope in the dry region 

Test10 Test9 but w/ hswitch = 0.001 960 0.3 15 0.18 0.001 0.001 0.001 0.1 Very minor change from test 9. 

Less erosion occurs from 

decreasing hswitch 

Test11 Test7 but with eps = 0.0001 960 0.3 10 0.18 0.001 0.0001 0.01 0.1 Very minor change occurs (eps 

is TINY still) 

Test12 Test7 but with dzmax = 

0.003 

960 0.3 10 0.18 0.001 0.001 0.01 0.1 Little to no change 

Test13 Test7 but with mwet = 5 960 5 10 0.18 0.001 0.001 0.01 0.1 Almost NO EROSION! 

Test14 Test7 with mwet = 3 960 3 10 0.18 0.001 0.001 0.01 0.1 Still very little erosion 

Test15 Test14 with mwet = 1 960 1 10 0.18 0.001 0.001 0.01 0.1 Fairly close to actual measured 

erosion rates 

Test16 Test15 with mwet = 2 960 2 1 0.18 0.001 0.001 0.01 0.1  

Test17 Test15 with mwet = 1.5  960 1.5 10 0.18 0.001 0.001 0.01 0.1  

Test18 Test17 with mwet = 1. 960 1.5 5 0.18 0.001 0.001 0.01 0.1  

Test19 Test17 with mwet = 2  960 2 10 0.18 0.001 0.001 0.01 0.1  

Test20 Test17 with mwet = 1  960 1 5 0.18 0.001 0.001 0.01 0.1  
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Test21 Test17 with mwet = 1  960 1 10 0.18 0.001 0.001 0.01 0.1  

Test22 Test20 with eps = 0.0001 960 1 10 0.18 0.001 0.001 0.01 0.1  

Test23  Test20 with dzmax = 0.003 960 1 5 0.18 0.001 0.001 0.01 0.1  

Test24 Test20 with zs0 = 0.5 960 1 5 0.18 0.001 0.001 0.01 0.1  

Test25 Test20 with Tsmin = 1 960 1 5 0.18 0.001 0.001 0.01 0.1  

Test26 Test22 with dzmax = 0.003  960 1 5 0.18 0.001 0.001 0.01 0.1  

Test27 Test26 with  

D50 = 0.0000165 

960 1 5 0.18 0.001 0.001 0.01 0.1  

Test28 Test26 with  

D50 = 0.00165 

960 1 5 0.18 0.001 0.001 0.01 0.1  

Test 29 Test26 with D50 = 0.0003 960 1 5 0.18 0.001 0.001 0.01 0.1  

Test30 Test26 with D50 = 0.0005 960 1 5 0.18 0.001 0.001 0.01 0.1  

Test31 Test18 but full time 30,600  1.5 5 0.18 0.001 0.001 0.01 0.1  

Test32 Test20 but full time 30,600 1 5 0.18 0.001 0.001 0.01 0.1  

Test33 Defaults mwet and mdry 30,600 0.3 1 0.18 0.001 0.001 0.01 0.1  

Test34 mwet = 0.5, mdry = 1 30,600 0.5 1 0.18 0.001 0.001 0.01 0.1  

Test35 mwet = 2, mdry = 10  30,600 2 10 0.18 0.001 0.001 0.01 0.1  

Test36 mwet = 3, mdry = 10 

, output EVERY SEC 

30,600 3 10 0.18 0.001 0.001 0.01 0.1  

Test37 Defaults (except dryslp) 30,600 0.3 10 0.18 0.05 0.005 0.1 0.003 *Pretty good but only halfway 

to back point 

Test38 Test37 with eps = 0.01 30,600 0.3 10 0.18 0.05 0.01 0.1 0.003 Didn’t make a large different? 

Test39 Test 37 with hswitch = 0.005 30,600 0.3 10 0.18 0.05 0.005 0.005 0.003 Perfect end point. 

Test40 Test37 with hmin = 0.005 30,600 0.3 10 0.18 0.005 0.005 0.1 0.003 Very little difference 

Test41 Test37 with mdry = 15 30,600 0.3 15 0.18 0.05 0.005 0.1 0.003 Very small difference! 

Test42 Test37 with eps = 0.1 30,600 0.3 15 0.18 0.05 0.1 0.1 0.003 Did not erode…. 

Test43 Test37 with eps = 0.05 30,600 0.3 15 0.18 0.05 0.05 0.1 0.003 Barely eroded 

Test44 Test37 with eps = 0.001 30,600 0.3 15 0.18 0.05 0.001 0.1 0.003 Maximum erosion possible with 

eps only being modified. 

Test45 Test37 with eps = 0.00075 30,600 0.3 15 0.18 0.05 0.00075 0.1 0.003 Still not enough erosion 

Test46 Test37 with eps = 0.0001 30,600 0.3 15 0.18 0.05 0.0001 0.1 0.003 Barely more erosion than Test 

44 

Test47 Test37 with eps = 0.00005 30,600 0.3 15 0.18 0.05 0.00005 0.1 0.003 Rounds up to 0.0001? 
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Test48 Test37 with hmin = 0.2 30,600 0.3 15 0.18 0.2 0.005 0.1 0.003 Hmin really does make no 

differencein this . Test49 Test46 with hmin = 0.2 30,600 0.3 15 0.18 0.2 0.0001 0.1 0.003 

Test50 Match up with Test 3 30,600 0.3 15 0.18 0.05 0.0001 0.005 0.003 Good! but too far at the end! 

Test51 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.005 0.005 0.003 Slightly too much erosion 

Test52 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.0001 0.005 0.003 Again slightly too much (more 

than Test51) 

Test53 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.001 0.005 0.003 Too far 

Test54 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.05 0.005 0.003 Not enough Erosion! Between 

0.05 and 0.001 

Test55 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.01 0.005 0.003 Just a little bit too much! 

Test56 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.03 0.005 0.003 Almost perfect but not quite 

enough! 

Test57 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.02 0.005 0.003  

Test58 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.05 0.025 0.005 0.003 (Not the final case… been 

plotting them wrong!!!!!) 

Test59 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.2 0.1 0.005 0.003 Slightly less than enough 

erosion. 

Test60 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.2 0.1 0.1 0.003 BARELY ANY EROSION 

Test61 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.2 0.01 0.1 0.003 Slightly too much erosion 

Test62 γ = 0.78, Hrms = 0.17 30,600 0.3 15 0.17 0.2 0.001 0.1 0.003 Still too much erosion. 

Test63 Test59 with eps = 0.075 30,600 0.3 15 0.17 0.2 0.075 0.005 0.003  

Test64 Test59 with lower smaller 

eps to get MORE erosion! 

30,600 0.3 15 0.17 0.2 0.05 0.005 0.003  

Test65 Test59 with eps = 0.09 30,600 0.3 15 0.17 0.2 0.09 0.005 0.003 Final for form = 2 

Test66 Completely uncalibrated          

Test67 Test65 with form = 1 30,600 0.3 15 0.17 0.2 0.09 0.005 0.003 Less erosion than Test65 but 

similar shape noticed. 

Test68 Try to increase erosion 30,600 0.3 15 0.17 0.2 0.05 0.005 0.003  

Test69 Try to increase erosion 30,600 0.3 15 0.17 0.2 0.01 0.005 0.003 VERY VERY CLOSE. Great 

Test70 Try to increase erosion 30,600 0.3 15 0.17 0.2 0.02 0.005 0.003  
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Table E.4: A list of all runs performed using the XBeach model to both calibrate the model and to determine its sensitivities for the 

HW test mobile bed case. Note: The majority of the sensitivity testing for the mobile bed conditions was done at the same time as the 

fixed bed tests. For this reason, finalized wave conditions are not used throughout all of these tests. Test70 (bold) was the chosen run. 

Name Description Time mwet mdry Hrms hmin eps hswitch cf Notes 

Test1 LW Test31 - z=0.47  1.5 5 0.18 0.001 0.001 0.01 0.003  

Test2 LW Test 32- z=0.47  1 5 0.18 0.001 0.001 0.01 0.003  

Test3 Default mwet , mdry  .3 1 0.18 0.001 0.001 0.01 0.003  

Test4 mwet = 0.5  .5 1 0.18 0.001 0.001 0.01 0.003  

Test5 Lower Hs, mwet = 0.1  .1 1 0.15 0.001 0.001 0.01 0.003  

Test6 -  .3 1 0.15 0.001 0.001 0.01 0.003  

Test7 Increase morstart  .3 1 0.15 0.001 0.001 0.01 0.003  

Test8 Change cf  .3 1 0.15 0.001 0.001 0.01 0.003  

Test9 mwet = 2, dryslp = 10   2 10 0.18 0.001 0.001 0.01 0.003  

Test10 mwet = 2.5, mdry = 10  2.5 10 0.18 0.001 0.001 0.01 0.003  

Test11 Test10 with p = 0.3   2.5 10 0.18 0.001 0.001 0.01 0.003 Decreasing p causes a slight 

decrease in the rate of dune 

erosion while increasing 

porosity causes an increase in 

the rate of dune erosion  

Test12 Test10 with p = 0.5   2.5 10 0.18 0.001 0.001 0.01 0.003 

Test13 Test10 with eps = 0.1   2.5 10 0.18 0.001 0.1 0.01 0.003 Drastic decrease in rate of dune 

erosion 

Test14 Test10 with hmin = 0.2  2.5 10 0.18 0.2 0.001 0.01 0.003 Decrease the Erosion rate fairly 

significantly (still reaches back 

wall) 

Test15 Test10 with hswitch = 0.1   2.5 10 0.18 0.001 0.001 0.1 0.003 Decreases the erosion rate. 

Doesn’t quite reach the wall. 

Test16 Test10 with dzmax = 0.2   2.5 10 0.18 0.001 0.001 0.01 0.003 No effect 

Test17 Test10 with dzmax = 

0.01  

 2.5 10 0.18 0.001 0.001 0.01 0.003 Minimal effect (Could limit this 

further?) 

Test18 Test10 with form = 1 

(RHO = 1000) 

 2.5 10 0.18 0.001 0.001 0.01 0.003 Drastic decrease in rate of 

erosion. End points match up 

fairly well! 
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Test19 eps = 0.1,hswitch = 0.1 

(default), cf = 0.003 

(default), hmin = 0.2 

 0.3 10 0.18 0.2 0.1 0.1 0.003  

Test20 Test19 with form = 1  0.3 10 0.18 0.2 0.1 0.1 0.003  

Test21 Test 19 with hmin = 0.1  0.3 10 0.18 0.1 0.1 0.1 0.003 Hmin has a very minor effect 

on the overall erosion rate? In 

this scenario at least it does. 
Test22 Test 19 with hmin = 0.15  0.3 10 0.18 0.15 0.1 0.1 0.003 

Test23 Test 19 with hmin = 0.05  0.3 10 0.18 0.05 0.1 0.1 0.003 

Test29 Test 19 with hmin = 0.01  0.3 10 0.18 0.01 0.1 0.1 0.003 

Test30 Test 19 with hmin = 

0.005 

16,200 0.3 10 0.18 0.005 0.1 0.1 0.003 

Test24 Test19 with eps = 0.01 16,200 0.3 10 0.18 0.2 0.01 0.1 0.003 Greatly affects the erosion of 

the dune.  Eps = 0.01 is quite 

close to the “Actual value” 
Test25 Test19 with eps = 0.05 16,200 0.3 10 0.18 0.2 0.05 0.1 0.003 

Test26 Test19 with hswitch 

=0.075 

16,200 0.3 10 0.18 0.2 0.1 0.075 0.003 Decreasing this number 

increases how far back the 

erosion will go. Test28 is just 

over halfway to the extent of 

the measured erosion at the last 

timestep 

 

When hswitch = 0.001 still not 

quite all the way back! 

Test27 Test19 with hswitch = 

0.05 

16,200 0.3 10 0.18 0.2 0.1 0.05 0.003 

Test28 Test19 with hswitch = 

0.025 

16,200 0.3 10 0.18 0.2 0.1 0.025 0.003 

Test31 Test19 with hswitch = 

0.005 

16,200 0.3 10 0.18 0.2 0.1 0.005 0.003 

Test32 Test19 with hswitch = 

0.001 

16,200 0.3 10 0.18 0.2 0.1 0.001 0.003 

Test33 Test24 with D50 = 

0.115mm (No D90) 

16,200 0.3 10 0.18 0.2 0.01 0.1 0.003 Decreasing sand size increases 

the rate of erosion, while 

decreasing the sand size 

increases the rate of erosion? 

WHY DOES THIS MATTER? 

Test34 Test24 with D50 = 

0.215mm (No D90) 

16,200 0.3 10 0.18 0.2 0.01 0.1 0.003 

Test35 Test24 with γ = 0.7 16,200 0.3 10 0.18 0.2 0.01 0.1 0.003 Gamma does change the 

erosion quite a bit…. WHAT IS 

OUR FINAL GAMMA GO 

TO? 

Test36 Test24 with eps = 0.02 16,200 0.3 10 0.18 0.2 0.02 0.1 0.003 BEST CASE! NEW GO TO 
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Test37 Test24 with eps = 

0.015 

16,200 0.3 10 0.18 0.2 0.015 0.1 0.003  

Test38 Test19 with hswitch = 

0.0001 

16,200 0.3 10 0.18 0.2 0.1 0.0001 0.003 Still not a big change. Changing 

hswitch alone will not make the 

morphology match up! 

Test39 To match up with LW 16,200 0.3 15 0.18 0.05 0.02 0.005 0.003

0.003 

Much too much erosion!!! 

(Perfect 1
st
 three stages!) 

Test40 Try to decrease the 

erosion now using only 

eps 

16,200 0.3 15 0.18 0.05 0.1 0.005 0.003 Somewhere between these too 

with eps closer to 0.1! Test41 16,200 0.3 15 0.18 0.05 0.05 0.005 0.003 

Test42 γ = 0.78, Hrms = 0.16 16,200 0.3 15 0.16 0.05 0.05 0.005 0.003 Too much erosion (all the way 

to the back wall) 

Test43 γ = 0.78, Hrms = 0.16 16,200 0.3 15 0.16 0.05 0.1 0.005 0.003 Almost perfect! (not quite 

enough?) 

Test44 γ = 0.78, Hrms = 0.16 16,200 0.3 15 0.16 0.05 0.08 0.005 0.003 Way too much (all the way to 

the end) 

Test45 γ = 0.78, Hrms = 0.16 16,200 0.3 15 0.16 0.05 0.09 0.005 0.003 Too much! (Just past the end!) 

Test46 γ = 0.78, Hrms = 0.16 16,200 0.3 15 0.16 0.05 0.095 0.005 0.003 Matches perfectly 

Test47 Change Hmin back to 

default 

16,200 0.3 15 0.16 0.2 0.095 0.005 0.003 Very similar to Test46, not 

quite enough erosion (also 

matches quite well 

Test48 Hmin and hswitch at 

default 

16,200 0.3 15 0.16 0.2 0.095 0.1 0.003 Significantly! Limits the extent 

of erosion (Hmin increases, 

erosion decreases!) 

Test49 Hmin and hswitch at 

default 

16,200 0.3 15 0.16 0.2 0.005 0.1 0.003 Too much! Final timestep goes 

all the way to the end! 

Test50 Hmin and hswitch at 

default 

16,200 0.3 15 0.16 0.2 0.01 0.1 0.003 Still too much. (BETWEEN 

0.01 and 0.1) 

Test51 Hmin and hswitch at 

default 

16,200 0.3 15 0.16 0.2 0.025 0.1 0.003  

Test52 Hmin and hswitch at 

default 

16,200 0.3 15 0.16 0.2 0.05 0.1 0.003  

Test53 Hmin and hswitch at 16,200 0.3 15 0.16 0.2 0.075 0.1 0.003  
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default 

Test54 Change Hmin back to 

default 

16,200 0.3 15 0.16 0.2 0.09 0.005 0.003 FINAL CASE (FORM = 2) 

Test55 COMPLETELY 

UNCALIBRATED! 

16,200 0.3 1 0.16 0.2 0.005 0.1 0.003  

Test56 Test 54 with form = 1 16,200 0.3 1 0.16 0.2 0.005 0.1 0.003 Less erosion than laboratory 

measurements 

Test57 Form = 1 (try to 

increase erosion) 

16,200 0.3 15 0.16 0.2 0.05 0.005 0.003  

Test58 Form = 1 (try to 

increase erosion) 

16,200 0.3 15 0.16 0.2 0.01 0.005 0.003 MUCH! Improved (BSS = 

0.84) 

Test59 eps = 0.02 16,200 0.3 15 0.16 0.2 0.02 0.005 0.003  
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  Appendix F

Additional XBeach Simulations 
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Figure F.1: Calibrated LW test with VRVT sediment transport formulation (Test65 in 

LW test run logs). 
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Figure F.2: Calibrated HW test with VRVT sediment transport formulation (Test54 in 

HW test run logs). 
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Figure F.3: Uncalibrated LW test with VRVT sediment transport formulation (Test66 in 

LW test run logs). 
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Figure F.4: Uncalibrated HW test with VRVT sediment transport formulation (Test55 in 

HW test run logs). 
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  Appendix G

Additional plots related to velocity filtering 
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Figure G.1: Bottom velocity profile at x = 1.88 m: a) untreated data, and b) treated data using the 

PST method. 

 

 

Figure G.2: Bottom velocity profile at x = 1.93 m: a) untreated data, and b) treated data using the 

PST method. 
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Figure G.3: Bottom velocity profile at x = 1.98 m: a) untreated data, and b) treated data using the 

PST method. 

 

 

Figure G.4: Bottom velocity profile at x = 2.08 m: a) untreated data, and b) treated data using the 

PST method. 
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Figure G.5: Bottom velocity profile at x = 2.13 m: a) untreated data, and b) treated data using the 

PST method. 

 

 

Figure G.6: Bottom velocity profile at x = 2.18 m: a) untreated data, and b) treated data using the 

PST method. 
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Figure G.7: Bottom velocity profile at x = 2.23 m, a) untreated data, and b) treated data using the 

PST method. 

 

 

Figure G.8: Bottom velocity profile at x = 2.28 m: a) untreated data, and b) treated data using the 

PST method. 
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Figure G.9: Bottom velocity profile at x = 2.33 m: a) untreated data, and b) treated data using the 

PST method. 

 

 

Figure G.10: Bottom velocity profile at x = 2.38 m: a) untreated data, and b) treated data using 

the PST method. 
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Figure G.11: Bottom velocity profile at x = 2.48 m a) untreated data, and b) treated data using the 

PST method. 

 

 

Figure G.12: Bottom velocity profile at x = 2.58 m: a) untreated data, and b) treated data using 

the PST method. 
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Figure G.13: Bottom velocity profile at x = 2.68 m: a) untreated data, and b) treated data using 

the PST method. 

 

 

Figure G.14: Bottom velocity profile at x = 2.78 m: a) untreated data, and b) treated data using 

the PST method. 
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Figure G.15: Bottom velocity profile at x = 2.88 m: a) untreated data, and b) treated data using 

the PST method. 

 

 

Figure G.16: Bottom velocity profile at x = 3.03 m: a) untreated data, and b) treated data using 

the PST method. 
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  Appendix H

Complete Ensemble Averaged Velocity Plots 
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Figure H.1: Ensemble averaged velocities for velocities in the WBBL for x = 2.28 - 3.03m 
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Figure H.2: Ensemble averaged velocities for velocities in the WBBL for x = 1.88 – 2.23 m. 

 

 


