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Abstract

Swash oscillations on two natural beaches were measured to show that the shape
and magnitude of energy spectra can be largely dependent on processes occurring
inside the surfzon& he observations took place on a steep, intermediate beach on
the east coast (Tairdeach), and a lowgloping, dissipative beach located on the
west coast of New Zealand (Ngarureach, Raglan), and aimed at improving

the understanding of the effects whve breaking, beach slope, and nonlinear
wave interactions on the swash oscillations. These problems were addressed by

analysing datasets obtained from field experiments undertaken at these two sites.

A field experiment at Tairua Beach showed that sveesstillations were critically
dependent on the stage of the tidkich controlled the degree of wave energy
dissipation over the sandbar crest. Under mild, -ueastantoffshore wave
conditions, the presence of a sandbar and the tidahyrolled water deth over

its crest determined whether most of the incoming waves broke before reaching
the shoreline. This forced a change in the pattern of wave energy dissipation
across the surfzone between low and high tide, which was reflected by changes to
swash eleation (runup) on timescales of a few hours. Significant runup height

Rs defined as 4 times the standard deviation of the waterline time series, varied
by a factor of 2 between low tide, when most of the waves were breaking over the
sandbar and high tideyhen the waves were barely breaking. The increase in
wave energy dissipation during low tide was associated with changes in swash
maxima distribution, decrease in mean swash period and increasing energy at
infragravity frequencies (0.008.05 Hz). Bispectl analysis suggested this
infragravity modulation might be connected with the presence of secondary waves

at the shoreline.

Swash oscillations at Tairua were not homogeneous along the beach. Alongshore
variability in Rsof up to 78% was observed and waainly driven by changes in

the seaswell (0.05 0.4 Hz) band of the swash. This variability was predominantly



controlled by alongshore changes in beach face slope, although alongshore
patterning in wave breaking over the sandbar caused alongshore clmnges i
dissipation and also resulted in alongshore swash variation in thewséa
bandwidth. At infragravity frequencies, alongshore swash variability was not well
associated either with changes in beach slope or wave breaking and was possibly
linked to the presence of lovnmode edge waves, observed from frequency

wavenumber spectra of the swash time series.

A final experiment was conducted to understand the surfzone contiotident

and infragravity runup on a gentbjoping beachThe observationshoved that

runup saturation at infragravity frequencies can occur under mild offshore energy
conditions if the beach slope is sufficiently gentle. Infragravity saturation was
observed for highefrequency (> 0.025.035 Hz) infragravity waves, where
typically less than 5% of the (linear) energy flux was reflected from the beach and
where, similar to the seawell band, the swash energy was independent of
offshore wave energy. The infragravity frequency range of saturation was
determined by the tide, with saattion extending to lower frequencies at low tide
when the local beach face slope over the consheped profile was gentler.
Runup was strongly dominated by infragravity frequencies, which accounted on
average for 96% of the runup variance, and its gnéegels were entirely
consistent with strong infragravity wave dissipation observed in the surfzone,
particularly when including the nonlinear contributions to the wave energy fluxes.
Our observations show evidence of nonlinear interactions involvinggrsvity

and highfrequency, harmonic waves, and suggest that these harmonics could play
a role in the wave energy balance near the shoreline osltping, dissipative

beaches.
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bathymetry measured with the RTK. Horizontal dashed lines show
one of the two locations where time stacks were defihaagline).
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ADVs respectively. White circles with crosses show two of the bench
marks on the beach. (b) Time stacks created over the-siioss
location highlighted by the dashed line in (a). Black solid lines show
digitized swash locations, when available. (c) Probabilitprefking
Poreak €Stimated from the time stacks in (b), as a function of eross
shore position. Vertical dashed lines in (b) and (c) highlight the-cross
shore positions of the two ADVs shown in (a). Left, mid and right
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Figure 4.4.

17:10,d = -1.54 m), mid tide (08 November, 14:4D= -0.08 m), and
high tide (08 November, 11:4~ 1.51 m) (times are in DST)............. 92

(dd) Logarithm of energy densifyy as a function of frequendyand

time, with white circles showing the peak frequency for each data run.
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Figure 4.5. Logarithm of (a) shoreward propagatirg) (and (b) seaward

Figure 4.6.

propagating ") components of the linear energy flux as a function of
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(b) normalized bed slope paramebar(Equation 4.16). Data for each
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Figure 4.7. Net wave energy flux components and wave energy transfer as a
function of frequencyf and time. (a) Linear component of the net
wave energy fluE,. (b) Nonlinear component of the net wave energy
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shoreward and seaward of the breakpoint position respectively
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Figure 4. 9. Change i n FgpbetawdenNiwaOutardgr avi ty ener ¢
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Chapter 1

General introduction

1.1 Thesistopic

Swash motions, loosely defined as runup, are dbam (seconds to a few
minutes) oscillations of the interface between the dry beach and the ocean. These
oscillations are driven by the incoming wave energy that reaches the shoreline and
can inducdarge rates of sediment transport between the subaerial and subaqueous
parts of the beachMasselink and Hughed4998), changes in beach morphology
(Holland and Pulep 2001), dune erosionPélmsten and Holman2011) and
coastal flooding Ruggiero et al. 2001). Understanding how runup changes in
both time and space and what causes these changes is a key to defining effective
coastal structureskpbayashi 1999) and practicable shoreline setback criteria
(Ruggiero et al.2001) in order to mitigate risks assated with inundation and

erosion on the coast.

The magnitude and spectral features of runup have traditionally been described in
terms of offshore wave conditions (e.Guza and Thorntgn1982; Ruessink et

al., 1998; Sénéchal et gl.2011), local beaclace slope (e.g.Ruggiero et al.

2004), or combinations of these two parameters, expressed in the form of simple
parameterizations (e.dVlase 1988; 1989Holman and Sallenged 985;Holman

1986; Raubenheimer and Guzd996; Stockdon et al.2006). Tlough these
approaches provide convenient means of assessing some characteristics of the
swash oscillations on different beaches, usieg comparisons (e.g.
Raubenheimer and Guz&996; Stockdon et al.2006) have suggested that such

simple formulas, norally developed for specific locations, might not be
1



appropriated for different sites, since considerable variability in the relationships
were typically observed. Such variability potentially arises because of other
processes not accounted for by theseapaterizations, affecting the swash in
different ways on the different sites. For instance, it could be mentioned local
effects including swash infiltration and exfiltration across the beach Tacedr

and Masselink1998), and notocal effects, such athose of continental shelf
width on the wave climateHgrbers et al. 1995). However, little attention has
been given to how processes taking place in between internmietiae water
regions and the shoreline, such as-ihduced wave breaking dissipati@nd
nonlinear wave energy transfers between frequencies, can affect swash

oscillations.

The distribution of energy with frequency can change dramatically within the
surfzone, either because the dissipation is frequdepgndant, or because energy

is trarsferred between frequencies, causing energy at one frequency to grow at the
expense of another. Just seaward of the breakpoint, group modulations in the
incident waves can transfer energy to lower (infragravity) frequencies (e.qg.,
Symonds et gl.1982). Atthe same time, the sawwoth shape that occurs when
waves shoal in shallow water can induce transfers of energy to higher (harmonic)
frequencies (e.g.Elgar et al, 1985). As breaking occurs, the maircident
energy peak becomes smaller relative toniinaigravity and harmonic frequency
regions (e.gSénéchal et gl.2002) until eventually they two are amd on by

dissipation processes (eithH®ottom friction or breaking).

The dissipation oincidentwaves inside the surfzone due to breaking is a strong
function of depthand seabed slog@eregring 1983) Wave breaking takes place
when the wave crest overturns and collapses on or in front of the wave face,
generating spray and white water and promoting turbulent dissipatfane
breakingis the dominahdissipative mechanisncontrols wave transformation in

shallow water Thornton and Guzal983)and can be modulated by the tide (e.g.,



Howd et al, 1991) as most beaches typically have exponential profildse
presence of me or more sandbars in the fmane also determisef and how the

wave breakge.g.Lippmann and Holmanl989) since they cause abrupt changes

to seabed slopand water depth. As a result, sandbeas strongly control
patterns in surfzone wave dissipation, and potentially tdtal wave energy
reaching the swash zone. However, the emphasis on offshore characteristics and
beach face slope has meant the effects of the tide and nearshore sandbar
morphology in controlling the characteristics of runup have not been fully

explored.

Alongstore variations in swash have largely been attributealdogshorebeach

face slope variationsHplman and Sallenger1985; Ruggiero et al. 2004;
Stockdon et al.2006 or, at a smaller spatial scale, to the influence of cusps
(Ciriano et al, 2005; Stockdon et al.2006;Holland and Holman 1996;Bryan

and Cocg 201Q. Potential tidal effects associated with alongshore changes to the
sandbar morphology have been neglected. Tidal changes can cause large
differences to alongshore breaking patterns.tiqdarly in cases when the
alongshore bar is irregular (exgn Enckevort and Ruessjrik003; Ruessink et

al., 2007). These breaking patterns not only cause irregular dissipation of incident
energy which may cause alongshore patterning of incident sviaghalso
patterning in the incident group structure. As a consequence, alongshore
variations in the swash at infragravitanges might be expected, quite separate
from any effect beach cusps might have. Interest in alongshore variability in
swash charactistics is both scientific, since it might be associated with
infragravity wave signatures at the shoreline (e@rjano et al, 2005) and
practical, since alongshore variability in runup could be used in coastal zone
management of localised hazards (ehgtspots or localized berm breaching and

subsequent inundation).



Incident waves are normally steeper (have adrigitio between wave height and
wavelengthXhan infragravity waves and are preferentially dissipatetreaking
throughout the surfzonds a consequencawash oscillationsan be dominated
by infragravity frequencies (e.gGuza and Thorntgn1982), despite these
frequencies typically contributéo a small percentage of the offshore wave
spectum. However, recent observations have shdhet dissipation mighalso
limit infragravity wave energy within the surfzonédeénderson and BoweR2002;
Sheremet et 3l.2002; Henderson et al. 2006; Thomson et al. 2006; van
Dongeren et a.2007). The mecmasms proposed to explainfragravity losses
are still not well understood, and infragravity wave energy exchanges in very
shallow water have not been linked to Hwquency runup patterns, despite
infragravity runup contributing for much of sediment transpand coastal

inundaton on lowsloping, dissipative beacheButt and RusselR000).

1.2 Thesis objectives

This thesis explores the causes for temporal and spatial swash variations that are

not driven by offshore wave changes but are associated with wave transformations

in the sirfzone. Within the thesis, | analyse field observations of ocean waves,

video observations of swash motions and wave breaking patterns, and beach
morphology surveys, collected during two field experiments undertaken on a

steep, intermediate beach on trestecoast (Tairu@each) and a lovgloping,

di ssi pati ve beach | ocated on the west cCoa

(NgarunuiBeach, Raglan) to investigate the following overall research questions:
1. How does the presence of a sandbar affect the magratudiespectral
features of the swash motions on an intermediate, barred beach?

2. Can alongshore variability in the sandbar morphology cause alongshore

runup variability?



3. How do nonlinear wave interactions in shallow watesther than
morphological variatios in the sandbar, control the magnitude and

frequency distribution of runupn a dissipative beach?

1.3 Thesisstructure

These objectives are addressed using datasets from the two field experiments and
a combination of image processing and time series data analysis techniques,
including a technique developed in this thesis to evaluate the probability of wave
breaking dissipgon from video images of the surfzone. The three general
research questions are broken into three scientific articles, presented respectively
in Chapter 2, 3 and 4. These chapters are composed by the three complete articles,
each with their own abstractntroduction, methods, results, discussion and
conclusions (because the articles were intended to be published in American
journals, they were written in American EnglisAJthough the articles can stand
alone, they systematically address aspects of dnee sheme of characterising
surfzone processes that control runup variability Chapter 5, the general
conclusions of the thesis are presented, and topics for future research are briefly
discussed. Finally, the Appendix presents a conference paperhgabiis the
Proceedings of the Coasts and Ports 20Wvhere wavelet analysis is used to
investigate nosstationary patterns in swash motions at Tairliais appendix
addresses the central theme of the thesis, by exploring the degree to which wave
groupiness which controls infragravity development, may also contribute to

controlling infragravity runup oscillations.

The first research article of this thesis (Chapter 2) is enfithedeffects of tides on
swash statistics on an intermediate begGuedes et al 2011), and has been

published in thdournal of Geophysical ResearchApril 2011.



The second article, presented in Chapter 3, is enfilegkrvations of alongshore
variability of swash motions on an intermediate be@@hedes et a/.2012) and

has ben published in th€ontinental Shelf Researain October 2012.

The third and last article (Chapter 4), entit@dservations of wave energy fluxes
and swash motions on a lesloping, dissipative beaclhas been submitted to the
Journal of GeophysicaResearchin December 2012. This research has been
carried out using the dataset from a field experiment that was entirely designed
and executed as part of my PhD. During the experiment, field measurements of
intertidal beach morphology and ocean waves wabtained. Surface ocean
waves were measured offshore and in the surfzone, over differentsbiss
positions from the shoreline that were controlled by changes in the tide. A video
imagery technique was also employed to measure swash oscillationgiaradees
crossshore wave breaking dissipation patterns. Description of the field

experiment is provided in Section 4.3.



Chapter 2

The effects of tides on swash statistics on an
intermediate beach

R. M. C. GuedesK. R. Bryan, G. Coco, R. A. Holman (201Ihe effects of
tides on swash statistics on an intermediate bedecbrnal of Geophysical
Research116, C04008, doi:10.1029/2010JC006660.
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Contribution of authors

Chapter 2 pr es enThe effects®f tides dniswakhestatisttsont | ed i

an intermediate beacho, Joprmabdf Gepghgsidal i n
ResearchThis study provides a significant contribution to the scientific field by
showing that runup can be strongly controlled bgrges to the degree of wave
breaking dissipation, caused by the presence of a sandbar and variations in the

water depth over its crest.

The dataset analysed in this article was collected by mautitors prior to the

start of my PhD. | processed and asaly all the video, wave and lidar data,
including extracting runup signals from the videavrbte the numerical cod®
perform the processing and statistical analyses, prepared all the figures and wrote
the initial and subsequentrafts of the article My co-authors edited drafts,
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reviewers comments

April



Abstract

Swash hydrodynamics were investigated on an intermediate beach using runup
data obtained from video images. Under mifegarconstant, offshore wave
conditions, the presence of a sandbar and the tidatyrolled water depth over

its crest determined whether most of the incoming waves broke before reaching
the shoreline. This forced a change in the pattern of wave ene&gpation
across the surf zone between low and high tide, which was reflected by changes to
swash on timescales of a few hours. Significant runup heidgRg (defined as 4

times the standard deviation of the waterline time series), was found to vary by a
factor of 2 between low tide, when most of the waves were breaking over the
sandbar RgHs~1.5, whereHs is the offshore significant wave height) and high
tide, when the waves were barely breakiRgils~2.7). The increase in wave
energy dissipation duringpw tide was also associated with changes in swash
maxima distribution, a decrease in mean swash period and increasing energy at
infragravity frequencies. Bspectral analysis suggested that this infragravity

modulation might have been connected withghesence of secondary waves.

Keywords: swash, tide, nearshore, wave breaking, sandbar, video imagery

2.1 Introduction

The swash zone is the interface between land and ocean where the waves
intermittently cover the beach. The timarying location of theshoreline water

level within this region, usually termed runupuyza and Thorntgrnl982;Holman

and Sallenger1985;Ruggiero et al.2004) defines therossshore extent and the
elevation that can be flooded for a specific tidal level. Runup is of great
importance for coastal planners, who want to define appropriate and practicable

shoreline setback criteria, for coastal engineers, who are interested in designing



coastal structures, and for researchers studying the physical processes contributing

to beaclerosion/accretionButt and RusselP00Q Elfrink and Baldock2002).

Runup is commonly decomposed into a gisisady super elevation above the
still water level, (setup) and the fluctuations about such super elevation (swash)
(Guza and Thorntgnl982;Holman and Sallengerl985;Stockdon et al.2006).

The swash is composed of two distinct phases, an upslope, landineoid,

flow (usually called uprush) and a downslope, seawd&etted flow (normally
known as backwash). Although there is a continwirenergy in swash spectra,
they are commonly divided into incident (0.33 to 0.05 Hz) and infragravity
frequencies (0.05 to 0.003 Hz). The incident band is normally more energetic in
boredominated, steeper intermediate and reflective beachidlafgd and
Holman 1993; Raubenheimer and Guzd996), while lowsloped dissipative
beaches have been observed to have most of the swash variance within

infragravity frequenciesRuessink et gl1998;Ruggiero et al.2004).

Swash characteristics depend on whether incident waves reflect at the
shoreline, or are dissipated offshore by breaking. Traditionally, infragravity waves
are considered more likely to refledliche 1951) than waves whose spectra are
dominated by the incident band. Nevertheless, recent uresasnts and
modelling results have shown that the surfefderson and Bowen2002;
Sheremet et gl.2002; Thomson et al.2006; van Dongeren et gl.2007) and
swash Battjes et al. 2004) can be zones of infragravity dissipatidgiche (1951)
hypothesizedhat under dissipative conditions runwpl be saturatedand thus a
maximum runup amplitude will be reached when the incident waves are just high
enough to break. Further increase in offshore wave height increases the wave
steepness and makes the wavmsak, dissipating their energy rather than
reflecting it. Many field investigations on broadbanded swash have been

i nterpreted based on MiHentleg Gts al. (49X ur at i on

calculated the spectra from vertical runup time series obtainddear different
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natural beaches and found the incident band to be saturated. This implies that the
energy at the incident bands is proportionabtandf * (whereb is beach slope

andf is wave frequency) and independent of wave height. Some work$/@sg.

1988; Ruggiero et al.2004) have found a similar spectral shape for the saturated
band of runup, whereas &t dependence has been observed by othersGezn

and Thornton198&; Ruessink et g11998;Ciriano et al, 2005). The implications

of different rates of incident energy decay are still not clear and it has been
suggested that they might simply be related to different measurement methods
(Raubenheimer and Guz4996). Guza and Thornton(1982) measured swash
oscillations on a mildly sloped beach and calculated the variance levels for
incident and infragravity spectral ranges. Although incident swash energy was
found to be independent of offshore wave heighti.e. the wae field was
saturated), positive linear correlation was observed betiWesmd low frequency
energy at the shoreline, showing that the-fosguency component of the swash
increases with increasing wave height in 1moonochromatic conditions, a
behaviour sbsequently confirmed in other field studies (eHplman and
Sallengey 1985; Raubenheimer and Guza996; Ruessink et 31.1998;Ruggiero

et al, 2004).

The amplitude of incident swash oscillations has been shown to scale well with
the nondimensional fiibarren number:

b

= = 2.1
MG o

where Hy and Lo are deep water wave height and waveleniiiche (1951)
suggested that whesg is high, waves reflect at the shoreline and the swash has
larger amplitudes, while for lowsy the waves break and saturation conditions are
expected. Field data have confirmed a linear relationship between the Iribarren
number and incident runup heightspecially for steeper intermediate and
reflective beaches (e.gHolman and Sallenger 1985; Holman 1986;

Raubenheimer and Guz4996; Stockdon et al.2006). However, substantial
11



variability is often observed around such relationship, possibly owinghter ot
parameters affecting runup which are not accounted fa,bgnd also because

the definition of a single value for beach slope might not be appropriate on some
natural beach, where complex morphological features such as sandbars are often

presentiiolman and Sallenged 985).

A potential source of variability in runup characteristics could be related to the
presence of tides whose variations modulate a number ofregkated processes

in the nearshore. For example, the breaking of waves inside theosdr is a
strong function of depthPeregrine 1983), and hence is likely to be modulated by
the tide. Moreover, the presence of one or more sandbars in the surf zone will
determine the characteristics of this breaking (eijgpmann and Holmanl989;

van Enckevort and Ruessjrik001;Aarninkhof et al. 2005;Haller and Catallan

2009) and is therefore likely to affect swash hydrodynamics. However, the
emphasis on offshore characteristics and beach slope introducedViitle
(1951) has meant the effectbsandbars in controlling the characteristics of runup
have not been fully explored. The tidal influence in breaking will also control
radiation stress gradients which are a function of the wave height gradients, and so
long-shore current forcing will ab be modulated at the tidal frequency inside the
surf zone Thornton and Kim1993). Similarly, rip currents have been observed to

be stronger at low tideMacMahan et al. 2006). Offshore of the breaking area,
Okihiro and Guzg1995) observed infragrayitenergy within frequency bands of

0.01 and 0.04 Hz to decrease at low tide, which was hypothesized to be a result of
changes in infragravity energy generation and propagation on the concave beaches
onshore of the observations. In the surf zoRl@omson etl. (2006) observed
similar modulations and attributed them to nonlinear energy transfers from low
frequency to highefrequency motions, which were enhanced over the relatively

flatter inner surf zone bottom profile at low tide.
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The aim of this work isa investigate the degree to which changes in swash
hydrodynamics can also be related to tidal variations and the presence of a
submerged sandbar on an intermediate beach. We use a dataset of swash
oscillations obtained on a natural beach during a periadilof nearlyconstant
offshore wave conditions when the amount of wave breaking was clearly
modulated by the tide and we show that some characteristics of swash such as
amplitude, incident/infragravity variance levels and swash maxima distribution

were al® tidally-modulated.

2.2 Methods

2.2.1 Field site

The field experiment was undertaken between 15 and 17 of July in 2008 at Tairua
Beach, a 1.2 kalong pocket beach located on the Pacific coast of New Zealand
(Figure 2.1). This mediuriicoarse grained beach has a fairly steep beach face
slope of about 0.1 and is exposed to medium wave energy with average offshore
significant wave height and mean spectral pedb0.9 m and 5.8 sGorman et

al., 2003). The tides are seswhiurnal, with tidal ranges between 1.2 (neap) and 2

m (spring tides) and the system is normally classified as intermediate, with a
rhythmic sandbar and strong rip currents often pre&oglé ¢ al., 2000). During

the 3day period of the experiment, the sandbar remained remarkably alongshore
uniform, at a crosshore distance of about 80 m from the shoreline (see the white
alongshore bands ifrigure 2.2 which are associated with the locations of
preferred wave breaking over the sandbar and shoreline) and with water depths
over the crest, estimated using the method developeBldnt et al. (2008),

changing from about 1.1 to 2.2 m from low to high tide.

13



2.2.2 Field measurements

The dataset presented here is composed of measurements of offshore
hydrodynamic conditions, beach face topography and video images. The
hydrodynamic variables were measurethg an ADCP deployed at a water depth

of about 12 m. Time series of subsurface pressure were recorded every hour for 20
min, at 2 Hz and converted to free surface elevation using linear theory. Offshore
significant wave heighitls was calculated asi4vhere U is the standard deviation

of the free surface time series. Peak pefiipdvas determined as the inverse of

the peak frequency from the spectrum. Hourly mean water déewels calculated

as the mean of each time series and adjusted to the local veetoah. Peak
direction was determined from the directional velocity spectrum obtained by the 4

independent acoustic sensors of the ADCP.
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Figure2.1. Field site location.
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Figure 2.2. (a) Obligue image obtained at Tairua Beach on 16 July 2008 at 11.00 by
averaging 600 individual frames recorded at 2 Hz. (b) The same image rectified to a
planview using known geometric transformations. Black lines repres®ssshore
transect where time stacks were created and location where the beach profile was
surveyed (crosshore range of the swash over the 3 days of field experiment is
highlighted by the dashed lines).

A crossshore beach profile was surveyed usimdotal station on July 17
covering a crosshore distance of 55 m between the backshore and the swash
zone Figure 2.3). The profile was extendedffshore of the most seaward
surveyed location by extending the linear fit through the lowermost measured

points to create a profile that extended just beyond the likely lowermost location

15
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Figure 2.3. Beach profile surveyed at Tairua Beach on 17 July 2008 (solid line) with
extension calculated as the line fit through the lowermost measured points (dashed line).
Mean swash positions for the 25 data runs are delimited by the gray patch. Location of
mean +(-) 20 of swash positions for the 25 data runs are highlighted by the black (gray)
arrows. Dotted line at elevation of 0.5 m indicates still water level (i.e. setup not

i ncluded) above whi eshoretpdsiBonsioRd aedld m stattow e e n
become important for the swash (see text). Elevations are relative to New Zealand
Geodesic Datum (NZGD). Crostiore distances have origin at mean swash location for
the 25 data runs and increase offshore.

of low-tide swash elevation. The alesgore psition of the profile is shown by

the location of the black lines frigure 2.2. Foreshore slopk was calculated as

the best linear fit of the meawd profile between the locations of mear
standard deviations of the shoreline positions for each data run (95% of the data

points assuming a Gaussian distribution).

High-resolution images (1528 x 2016 pixels) were acquired continuously at 2 Hz
during the daylight hours (e.gigure2.2a), using a digital cameraacunted at the
southern end of the beadkrigure2.1) at approximately 42 m above the sea level.
Runup oscillations were extracted using a technigneokvn a's ot i me
(Aagaard and Holm 1989), which consists of time series of pixel intensity,
sampled along a croshore line defined on the images. The time stacks were
created by determining the image coordinates of the measureeshmyssbeach

profile (e.g. Figure 2.2a) and collecting the values of light intensity at these
coordinates into a row in the time stack matrices. Conversions beiwmage
coordinates and ground coordinates were made using the colinearity equations

described byHolland et al. (1997) with corrections for lens distortions (e.g.

16
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Figure 2.2b). The vertical resolution of this technique, estimated by mapping the
horizontal resolution to an elevation along the profile within the swash zone,
varied mainly as a function of beach slope and was less than 3 cm (on average 1
cm). The dataset was broken into htamg time series, resulting in 25 time stacks

created during the 3 days, with typically 7200 individual frames sampled in each.

2.2.3 Data analysis

The swash location was defined as the most shoreward edge of water iolentifia
on each line of the time stacks. It has been shown that this definition is consistent
with swash measurements obtained using resistance wires deployededear
(Holman and Guzal984;Holland et al, 1995). The edge was detected using an
image procesng algorithm, developed to distinguish the sharp contrast observed
between the swash front, typically characterized by the presence of white foam,
and the darker sandy beach. Manual refinements were required in some images
where the algorithm failed, whiamostly happened due to poor contrasts arising
from the absence of foam at the swash location, especially during tHu®wwm
phases of the swash cycles. Examples of digitized swash locations are shown in
the time stacks obtained on 16 July 2008, at 18w8thg high tide Figure 2.4a)

and at 12.30 during low tidé-igure2.4b). Time series of vertical runup elevation

Rv were derived from the digitized swash locations since the -sttm® beach
topography at the time stack location was accurately known from the surveyed

profile.

Swash statistics we calculated from the 25 hourly time series of runup elevation.
Significant runup heighRswas estimated aslidof the linearly detrended time
series. Swash maxima(e.g. Figure 2.4) were identified followingHolland and
Holman(1993) as the difference in elevation between any local crest and the setup
level (mean levek of each time series). The local maxima were extracted using a

modified version of the zerorossing method. The time series showed clear
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evidence of patterns of smaller and larger waves, consistent with the broadband
behavior that typically characterizése swash, in which case standard zero
crossing analysis would not detect the smaller waves. We devised an objective
method of detecting these smaller waves. The-zeyssing analysis was repeated

18 times, each time varying the zdewel by 0.2 incremeits to a
maximum/minimum of +1.8, each addition adding new waves to the result. The
number of times the analysis was repeated was determined by the point at which

changing the zertevel no longer influenced the number of waves detected.

Power spectra wercalculated from each linearly detrended runup elevation time

series, segmented into sections of 512 s (resulting in a bandwidth of 0.00195 Hz)

and tapered with a Hanning window (50% overlap), giving typically 18 degrees of

freedom. The energy density wpartitioned into high f(> 0.05 Hz) and low

frequency bandsf(O 0. 05 Hz) to account for t he va

infragravity regions, respectively.

The amount of breaking waves was estimated as the probability of breaking for

each crosshore locatn on the time stacks, based on the difference in pixel

intensity between regions with (i.e. brighter pixels) and without the presence of

foam (i.e. darker pixels). Thresholds were defined to separate breaking frem non

breaking pixels and create binary @mstacks (e.grigure 2.4c), from which the

probability of breaking of each creskore location was calculated. The

thresholds were defined by ramdly sampling pixel intensity values over regions

visually identified as breaking and nbreaking in each time stack, and
calculating the average between -the | owesH
breakingd pixel i nt ensi tghée foamTassocetedmet hod d-
with the breaking wave roller from the residual foam left on the surface of the

water after the waves break. However, the latter is also expected to be more

frequent as wave breaking increases and this parameter is only usedative rel

measure of breaking between high and low tide.
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Figure2.4. 5min fragments of the time stacks obtained at Tairua Beach on 15 July 2008,
at 15.30 near high tide (a) and on 16 July 2008, at 11.30owvedide (b). (c) Binary time

stack obtained from (b) to quantify breaking using the method described in Section 2.2.3
Time increases from top to bottom of the images. Csbhsse distances have origin at
mean swash location for the 25 data runs and isereffishore (seBigure2.3). Dashed

lines and red dots on first two panels are digitized swash locations and located swash
maxima, respectively. Shing lines in the time stacks represent individual waves
propagating towards the shoreline. Notice the stronger breaking (presence of white foam
at crossshore distances 000 m) for the time stack collected at low tide.
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2.3 Results

2.3.1 Hydrodynamic conditions

An overview of the hydrodynamic conditions experienced during the field
experiment is given ifrigure2.5. The offshore wave parameters barely changed,
with gently-sloping waves (0.003 #o/Lo, < 0.005) coming from east/northeast
with Hs < 1m andTp between 10 and 12 &igure2.5ai c). The video recordings
spanned 3 partial tidal cycles that ranged in elevation betv@e®h and 0.65 m,
with time stacks obtained over 2 high tides and 3 low tifegute 2.5d). Beach
slope obtained from the profile shown kigure 2.3 changed from 0.09 to 0.13
due b tidatinduced changes in water level moving the swash zone to different
parts of the beach fac€igure2.5e, circles). In general, beach slopdduls the
same trend as the tide for the time series in wtieh0.5 m (i.e. the swash zone
was placed over the concave section of the profile, where-shass position was
greater thanl0 m in Figure 2.3). Higher tidal levels, however, resulted in the
swash being located in the flat section of the profile (the step betweershooss
positions -20 and-10 m, whereb decreases). Iribarren niver was mostly
conditioned by changes in foreshore slope and ranged from 1.39 to 2.16
(Figure 2.5e, pluses), which characterizes reflective condsti@md which is
within the range of values reported by other authors @@agbenheimer and
Guza 1996). Significant runup height changed by almost a factor of 2, from 1.2
(1.5Hs) to 2.2 m (2.Hs) and displayed a consistent relationship with tidal levels

(Figure2.5h).

2.3.2 Swash statistics

The effects of environmental variables on swash oscillations were investigated by
regressingRsagainstHs, 3, andd. Scatter plots of the regressions and correlation

results are shown iRigure2.6 andTable2.1, respectively. No significant linear

20



1.5 1 1 1 1 1

Hs (m)

0.5 L ; e .
14 : .
_ (b)
n
~— II_WV\_/\N\/M/\/\_
&
8§ T e T S —
100 L 1 1 L L
— (C
<
65+ -
2
Q
30 L . . .

n (m)
§

1 L L L 2.4
(o)
0 o QQ L
Q, 00002_'_ O 3000 + —1.85‘\'
++4 +y ++pt
T L T S ——
p—
E
S’ =
b=
=

¢ (m)

. (h) oo
g o o=
: 1.75 1 (] ~ e [
= ... ..... LYY L]
1 = T S T S
15Jul 12h 16Jul 00h 16Jul 12h 17Jul 00h 17Jul 12h

Date

Figure 2.5. Time series of hydrodynamic and morphological parameters. Offshore
characteristics (caltated hourly using the ADCP at 12 m depth): (a) significant wave
height; (b) peak wave period; (c) peak wave direction; (d) mean sea level. (e) Beach slope
calculated as the best linear fit of the measured profile between the locations of mean *
20 of the shoreline positions for each data run (circles, left axis); Iribarren number
calculated using Equation 2.1 (pluses, right axis). (f) Time series of runup elevation
relative to NZGD (solid line) with horizontal dashed line at 2.3 m highlighting elevation

of beach step. (g) Time series of swash maximum relative to the mean (setup) level of
each time series. (h) Significant runup height calculated hourly using the time series of

runup elevation. Gray patches indicate daylight periods when the images weredacqui
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relation (at the 99% confidence level) was observed between significant runup
height and offshore significant wave height, which was expected given the small
range ofHs during the experiment. This is also consistent Wtwd et al.(1991)

who foundthe magnitude of the incident band measured in the trough to be a
strong function of tide due to deptlependent saturation over the crest. The lack

of dependence dR®son 3y, on the other hand, is somewhat surprising, considering
the strong dependency ninup on bottsy andb reported in previous laboratory
(Mase 1988) and field studiedHplman and Sallengerl985; Ruggiero et al.

2004). Nevertheless, there is a positive trend between runuppamnten the
values obtained during high tide (ruris7/516 17) are excluded from the analysis.
Note that the beach slope drops considerably for these data runs while the runup
height reaches the highest levdtsgg(re 2.5). This pattern is still more evident by
regressingRs againstb as the correlation coefficiemt jumps from ~0 to 0.52

when the higkide runs are excluded from the analysis (not showrhe
regression results emphasize that the main control on runup was the’tide (
betweenRsandd amounted to 0.88, significant at the 99% confidence level). It is
difficult though to evaluate the contribution of the local slope to this relationship
beause the concave shape of the beach means that the influence of the slope

would follow the same tidal trend below the beach step.
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Figure 2.6. Regression plots of significant runup heigtgas a function of (a) offshore
significant wave height, (b) Iribarren number and (c) tidal level. Asterisks, circles and
crosses represent statistics from time series obtained during low tide (runid 4, 20
22), mid tide (runs 4, 89, 1315, 1820, Zi 25) and high tide (runsi3, 16 17),

respectively.
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Table2.1. Results of regression analysis.

Y X m b r?
Rs Hs 1.59 0.32 0.06
Rs 3y -0.03 1.64 0
Rs d 0.8 1.61 0.88

Y = mX + b. Correlation coefficient squared significant at the 99% confidence level

showed in bold.

In addition to the runup statistics, the swash maxima distributigin $Hown in

Figure 2.7 was also found to change systematically over the different levels of
tide. During low tide (e.g. time series 1, 10 and 22) R(@s slightly positive
skewed (i.e. higher proportion of smaller waves). At the intermetbatds of

tide (e.g. time series 2, 8, 13 and 19k)Pended to assume a Gaussian
distribution but became more and more negatikewed as the tide increased.
Finally, during high tide (time series B, 16 17) the swash maxima distribution

was consisteht negativeskewed, with relatively few low waves compared to the
other stages of tide. The dependence of skewness of swash maxima on tide is
highlighted inFigure 2.8. The highlyskewed distributions observed at high tide
resemble cut off Gaussians at elevations correspondent to the flat part of the beach
profile (step) between croshore positions 020 and-10 m Figure2.3; see also
Figures 2.5f and 2.5g). The effect of the step on the swash distribution was
assessed byediving runup elevation time series with a synthetic profile, where a
linear fit of the lower beach face was extended shoreward over the beach step. The
flat-beachcorrected distributions, shown by the solid linesFigure 2.7, are
significantly different than the uncorrected statistics for the rightmost;tldgh

panels, although they do not differ significantly over the other stages of tide.
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Figure 2.7. Swash maxima distribution &{ calculated for the 25 runup time series. The
bars represent the distributions associated with the real time series and the solid lines
represent those obtained frormé series derived by using a synthetic profile, where a
linear fit of the lower beach face was extended shoreward to replace the beach step
between crosshore positions 0f20 and-10 m. Each individual panel has been sorted
according to the tidal level (top axis) associated with the respective run, which is

indicated by the numbers in the tlgft corners.

Time series of offshore and shoreline power spectra are shown in R2faesd

2.9b. Although both time series show little energy at the unsaturated infragravity
frequencies, the wash spectra has a tidallyodulated peak at incident
frequencies (between 0.07 and 0.09 Hz) that increases in energy with the tide,
with the power ranging by an order of magnitude between high and low tide. This

modulation does not happen offshore, whtre spectral peak is centered at
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virtually the same frequencies as the runup spectra but the energy levels barely
change with the tide. Conversely, the energy in the swash spectra at infragravity
frequencies tends to increase from high to low tide, althauigually no energy

at infragravity frequencies can be observed in 12 m depth. Whereas no tidal
modulation in the offshore spectrum can be observed, the wave energy within the
surf zone is obviously controlled by wave breaking according to the levigleof t
(Figure 2.9c). As the tide goes down, the waves start to break farther from the
shoreline and the probability of breaking around the locationthef sandbar
increases. The majority of the waves were breaking during the lowest water levels
which implied higher dissipation of the incident wave energy (consistent with

observations of the swash spectra).
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Figure 2.8. Skewness of swash maxima) @s a function of tidal level. Solid line
represents the best linear fit given by the equation0.96d - 0.32 ¢* = 0.81, significant

at the 99% confidence level). Asterisks, circles and crosses represent statistics from time
series obtained during low tide (runs 1) 1P, 21 22), mid tide (runs24, 89, 13 15,

181 20, 23 25) and high tide (runsi%, 16 17), respectiely. 95% confidence bars were
defined for each skewness estimate using a bootstrap technique in which 3000 new
samples, drawn with replacement from the actual sample, were computed using a Monte
Carlo algorithm. The confidence limits were estimated frdmva distribution of the
skewness associated with these bootstrap samples, for each of the 25 sets of swash
maxima.
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Figure 2.9. Time series of hydrodynamic properties with solid lineeach panel (right axis) representing tide level. (a) Offshore wave spectrum time series
calculated from the pressure time series recorded by the ADCP at 12 m depth. (b) Runup spectrum time series calctilatathfrpriinhe series. (¢) Probability

of breaking time series calculated as the probability of exceedence of a pixel intensity threshold that characterizedafefpieam on the time stacks for each

crossshore pixel location. Crosshore distances have origin at mean swash locatiohdd3 data runs.
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Figure2.10. (a) Tide levels. (b) Runup (solid line with circles) and offshore (dotted line) varidatehe high (30.05 Hz) frequency region. (c) Runup (solid line

wi t h

patches indicate daylight periods wttbe images were acquired. Note the different scale® fair high and low frequencies. (d) Average of spectra obtained during

circles)

and offshore (dotted

i ne)

var i anc e nasthardlyrseen due twlow v@lues). Ghay

low tide (runs 1, 1012, 21 22, dotted line) and high tide (rung7% 16 17, solid line), plotted on a ldgg scale (runup speet are shown in black, offshore spectra
in gray). Vertical dashed line highlights frequency used to separate incident and infragravity variances.
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2.4 Discussion
2.4.1 Spectral analysis

We observed tidalynodulated changes in the degreemvaive breaking over the
sandbar to have major implications to the properties of the swash spectrum.
Figure2.10 shows the swash and offshore varianpartitioned into incident and
infragravity frequencies and also the swash and offshore spectra averaged over
low and high tide. At the incident band, not only was the magnitude of the peak
affected by changes in wave breaking (Fig@:6b, 2.10b and2.10d), but also the

rate of energy decay. The slope of the saturated region of the spectrum, estimated
by the best linear fit of the energy density between the peak frequency and 0.3 Hz
(on a loglog scale)decayed at rates that varied betwéehand f =, with the
steeper rotoffs normally associated with the rdmigh tide, peaked spectra
(Figure 2.11). Although in previous studies the differences in energy decay rate
with increasing frequency have been attributed to different methods of runup
detection Guza and Thorntgn1982; Raubenheimer and Guzd996), it is
possible that, for the present dataghe dominant effect is modulation of the
degree of incident energy dissipation over the bar and the lowering of the incident

spectral peak at low tide.

In contrast to the energy at the incident band, the energy at infragravity band of
the swash spectruwas enhanced at the lower stages of tide, even though
offshore energy at infragravity frequencies was very low and not observed to be
tidally-modulated as in other datasets (©gihiro and Guza1995;Thomson et

al., 2006). It is apparent in Figur&9 and 2.10 that the overall energy in the
swash is being predominantly controlled by dissipation at incident frequencies,
which have variance levels of about an order of magnitude higher than
infragravty levels at high tide. However, infragravity variance tends to increase as
the tide decreases and eventually energy levels at these two regions of the

spectrum become of the same order of magnitude at low tide, suggesting that part
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of the energy lost frorthe incident band is not being dissipated but transferred to

infragravity frequencies.

Our observations are consistent with many other studies Niagselink 1995;
Ruessink 1998a; 1998b;Baldock and Huntley 2002; Janssen et al.2003;
Baldock 2006, anong others) showing that wave breaking, in our case modulated
by tides, is key to the increase of infragravity energy in the surf zone (and
therefore swash). This is also consistent with the two most widely accepted
mechanisms for infragravity generatias they both rely on wave breaking, either

as a release of the onshore propagating bound wave, originated from gradients in
radiation stress within wave groupkofguetHiggins and Stewayt1964) or
through the modulation in the breakpoint positicByriond et al, 1982;
Lippmann et al.1997).

.
n
T
1

Figure2.11. Regression plot of the slope of the saturated band of the runup spectra on a
log-log scalef-slope as a function of tidal level, with the solid linpresenting the best
linear fit given by the equatiofislope= -0.44] - 3.8 (* = 0.29, significant at the 99%
confidence level). Asterisks, circles and crosses represent statistics from time series
obtained during low tide (runs 1, 11R, 21 22), mid tide(runs 24, 89, 13 15, 18 20,

23i 25) and high tide (runsi3, 16 17), respectively. The 95% confidence interval for the

regression analysis is shown by the dashed lines.
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Figure 2.12. 70-sec fragments ofime stacks obtained at Tairua Beach on (a) 17 July
2008, at 10.30 during milbw tide and on (b) 16 July 2008, at 15.30 during-high tide

(top panels) with the respective time series of vertical runup elevation (bottom panels).
Asterisks highlight theletected swash maxima. Dashed lines on top panels are digitized
swash positions. Horizontal dashed lines on bottom panels are mean runup elevation
(setup level) for each holwng time series. Elevations are relative to NZGD. Cebgxe

distances have @in at mean swash location for the 25 data runs and increase offshore.

Although the mechanisms mentioned above might have been associated with
infragravity forcing in the surfzone at low tide, we observed in our data that
secondary waves (with higher frezncies than incident) occurred at low tide
when the infragravity energy increaseéfigure 2.12a). The incident and
secondary waves appear to combit¢éha beach face to modulate ldkequency
oscillations. As can be seen kngure 2.12a, there is an increasing number of
wave crests shoreward of teandbar location (~80 m) at low tide. These waves
can be followed propagating towards the shoreline, where eventually they start
climbing on the beach face before the backwash of the previous waves starts to
take place. Although it is difficult to estasii whether borbore interactions
between these individual waves combine to result in runup time series

characterized by higher energy at infragravity frequency, we notice that at high
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tide, where the increasing number of wave crests is not evigigoir¢2.12b), the
infragravity signal disappears, and the oscillations at the shoreline are dominated

by the incident peak (T~12 s).

The increase in theumber of wave crests shoreward of the sandbar at the lower
stages of tides could be a result of the decomposition of the primary wave motion
into higherfrequency secondary waves over the bar. The generation of these
secondary waves, as the primary matiggropagate over the sandbar, has been
previously reported in both laboratorBdji and Battjes 1993) and field
experiments Elgar et al, 1997; Masselink 1998; Sénéchal et gl.2002), and
according toMasselink(1998), might be a common process on lhtreaches.

Beji and Battje(1993) showed that an increasing nonlinear transfer of energy
between the primary and phaseked, harmonic frequencies occurs as the waves
propagate over the seaward, slopfage of the sandbar, becoming even stronger

as theycross the flat section of it due to triple resonant interactions, and that these
harmonics might be eventually released along the deepening shoreward section of
the bar due to amplitude dispersion. It appears that these secondary waves might
be importantin controlling swash hydrodynamics, especially during low tide

when the incident peak is increasingly dissipated by breaking.

We investigated the lowide increase in infragravity energy using higbeder
spectral (bispectral) analysis. Bispectral analyss been successfully employed

to study nonlinear transfer of energy between frequencies in both thékgaf (

and Guza 1985; Sénéchal et gl.2009 and the swash zon®ryan and Cocp
2010). The technique examines the phase locking betweensttidations at
triplets {1, f, f3), wheref, andf, are two basic frequencies afgf,+f,. If the

modes are independent of each other, as is the case of a field of waves with
random phases, no significant bicoherence between them is expected to be
obseved in the bispectrum. However, considering that swash cycles are

somewhat parabolic, and the parabolic shape is composed of the sum ef phase
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coupled harmonics with frequenciés 2f, 3f and so on, and zero phase, the
bispectral signature of the swash htigbe expected to show significant
bicoherence aff(f), (f, 2f), (&, f) and so forth (e.gBryan and Cocp2010, Figure
2).

Figure2.13 summarizes the bispectral results, averaged for time series obtained at
low, mid and high tide. The peaks between the incident frequency (around 0.08
Hz) and the harmonics can be observed as expected, although they are not strong
and look sme®d into a line. This is consistent with the resultSénhéchal et al.
(2002) who found wave breaking to weaken the strength of the nonlinear
couplings. There are also significant peaks in the bicoherence located at
frequencies higher and lower than theident peak. The higher peak was close to
(0.12, 0.12 Hz), which roughly corresponds to the mean swash period (calculated
in the timedomain as the duration of the time series divided by the number of
local maxima and found to vary from 8.5 and 9.5 gk ffossible that these peaks

are associated with swash interactidBigian and Cocd2010) showed bispectra
generated from synthetic swash series in which each swash cycle was made
dependant on the previous one. This interaction created an infragratésnpa

the time series caused by sequences of swash cycles (e.dowiblgh-low
crests). Because the incident wave ordering pattern was associated with the
infragravity pattern, they were phakeked. Since the infragravity pattern was

not symmetrigqithe higher incident waves occurred either at the end or beginning
of a sequence), the infragravity signal had evidence of harmonics in the
bispectrum corresponding to a s&wth shape. In our case, the infragravity
signal would appear to be at 0.06 Hatfwbiphases betwee30 and-50 degrees,
indicating an asymmetric shape), and the harmonic at 0.12 Hz (with biphase
shifting from -30 to -60 degrees as the tide decreases). Note that there is a
coherent low tide signature in the bispectrdla®.06 Hz,f2=0.08 Hz. The 0.12

Hz coherence peaks also seem to be associated with the presence of the secondary
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Figure2.13. Runup spectra (top), biphases (mid) and bicoherences (bottom panels) averaged foresnobtsénied over low tide (runs 1,i1@, 21 22, left), mid

tide (runs 24, 89, 13 15, 18 20, 23 25, centre) and high tide (rung/& 16 17, right panels). Black dashed lines highlight the peak frequency of the runup spectra
shown on the top. Bispectra kmeecalculated from each runup elevation time series after quadratic detrending, segmenting into sections of 512 s @@} datap
and Fourier transforming, and the results were merged over 12 frequency bins, giving 84 degrees of freedom. Biphakerandebsignals below the 95%

significance level have been blanked.

33



waves at the shoreline, so it is possible that the coupling process transfers energy

to a O6real 6 wave. Alternativelylnghe second
and breaking processes in the surfzone. Observations of current and pressure just

seaward of the swash would allow the swashraction hypothesis to be tested

more thoroughly.

2.4.2 Swash elevation

The absence of significant changes in offshore wave tonsliduring the field
experiment (Figure.5ai ¢, 2.9a, and2.10) allowed us to control for effects of
offshore wave height on runup and closely investigate the effectshef ot
variables, such as beach slope and tide. Significant runup Irsgvds found to

be as high as 2-& under norbreaking conditions, with the ratRgHs linearly
decreasing to 1.5 at low tide when wave breaking was maximum. The incident
band of the sashRs,;, which accounted for most of the swash amplitude, ranged
from ~1.2 to 2.6ls between low and high tidé-igure 2.14a). AlthoughRs,/Hs

was not observed to scale with Iribarren numisgr (Figure 2.14b), in
disagreement with other observationdHolman and Sallenger 1985;
Raubenheimer and Guz&996), our results are consistent with the relationships
obtained in these studies when breaking conditions were predominant. We found
3p to range from 1.45 dbw tide (Rsno/Hs~1.2) to 2.16 at mid tideRG§,/Hs~2.0),

when the swash was oscillating along the steepest section of the profile just under
the step (seBigure2.5e), which is within the range observed by these authors for
equivalent Iribarren numbers (sdelman and Sallenged 985, Figures 7 and 10;
Raubenheimer and Guz&996, Figure 5). Nobreaking conditions, on the other
hand, resulted in the magnitude of normalized incident (and total) significant
runup height to be consistently higher compared to these predictions (Ridilres
and2.14b), suggesting that under mild offshore wave conditioagptiesence of a
sandbar affects the magnitude of the swash. Our results differ substantially from

observations under more dissipative conditions, where the incident band is
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saturated and most of the swash energy is at infragravity frequencie&\jea.
and Thornton 1982,R9Hs~0.7; Ruessink et gl.1998,R9Hs~0.18; Ruggiero et
al., 2004,RgHs~0.26 to 0.61).

The tidal modulations have been observed to be manifested not only in the
amplitude of swash oscillations, but also in the skewness of swash maxima
distribution. The strong negative skewness, characteristic ofticighime series
(Figures2.7 and2.8) was shown to be related to the g@ece of the beach step at

the elevation of about 2.3 m (Figur2s, 2.5f and 2.7). At high tide, this abrupt
decrease in beach slope seems to limiica swash excursions farther above that
height by both increasing bottom friction (the swash runs over a longer distance to
reach a given elevation) and water percolation (the sand is likely to be unsaturated
at this location). Without the beach stemeowould have expected that even
higher variance levels could have been observed at high tide, when most waves
were not breaking over the sandbar. The slightly positive skewness in the swash
maxima distribution at low tide, on the other hand, suggesgh&ihproportion of

small negative maxima (smaller than the setup level). Indeletland and
Holman(1993) observed an increase in the proportion of negatigethe spectral

width of the time series increased, which agrees with the noticeable spectral
broadening observed during low tide in this dataset (Sgere 2.9b). The
enhanced number of small swash maxima during low tide is also consistent wit
the observations of the secondary waves at the shoreline evidéiguie 2.12

and also supported by the reduction of about 10% in the averagé p&a0d

(not shown).
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Figure2.14. Regression plots of significant runup height for the incident frequency band
(> 0.05 Hz) normalized by offshore significant wave height, as a function of: (a) tidal
level, (b) Iribarren number. Asterisks, circles and crosses represent statistics from time
series obtained during low tide (runs 1) 1P, 21 22), mid tide (runs 24, 89, 13 15,

18i 20, 23 25) and high tide (runsi 3, 16 17), respectively.

2.5 Conclusion

Swash oscillations were observed to be strongly modulated by tide on an
intermediate barred beach under mild wave conditions. The water depth over the
offshore sandbar crest played a major role in controlling these modulations as it
determined whether small wes broke over it or not according to the level of tide

(i.e. water depth and therefore wave steepness over the crest). The concave profile
may also have contributed to these tidal variations. These effects led to-a tidal
modulation in wave energy dissipati that ultimately controlled the energy
driving the swash and hence its amplitude (even without significant changes in
offshore wave conditions). The dissipation took essentially at incident frequencies
and also resulted in the slope of the saturatecbmegf the spectra becoming

gentler.

Swash hydrodynamics were found to be dominated by incident wave frequencies
(consistent with the reflective slope) although this dominance became weaker
during low tide as incident energy was increasingly dissipatedrdgking over

the bar. On the other hand, infragravity wave motions at the shoreline became
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more and more important as the tide decreased. We have provided evidence that
secondary waves occur especially at low tide, and that the presence of these
secondarywaves might be related to an increase in the energy at infragravity

frequencies through a mechanism of blooee capture.

Significant runup height was found to increase by a factor of two at high tide
compared to low tide, when most waves were breaking thes sandbar, and
these changes were not observed to be modulated either by beach slope or by
offshore wave conditions. This suggests that {iddliced wave breaking
dissipation might be a major process in controlling swash hydrodynamics on
barred intermadiate beaches under mild offshore wave conditions and can have
significant implications for both parameterizations and modeling of runup

oscillations on these systems.
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Chapter 3

Observations of alongshore variability of swash
motions on an intermediate beach

R. M. C. Guedes, K. R. Bryan, G. Coco (2012), Observations of alongshore
variability of swash motions on an intermediate beaClontinental Shelf
Research48, 6174, doi:10.1016/j.csr.2012.08.022.
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Abstract

Alongshore variability in swash motior& shoreline oscillations about the mean
water level on the beach fade were investigated using video images and a-high
resolution morphology survey on an intermediate beach. Under mild,- swell
dominated offshore wave cotidns, alongshore variation of up to 78% in
significant runup heighRs(defined as 4 times the standard deviation of the swash
time series) was observed. This variation was predominantly driven by energy at
the incident (>0.05 Hz) frequencies (where moktthe swash energy was
observed), and, consistent with previous observations, was mainly controlled by
changes in the slope of the beach face (measured at the mean swash location).
However, alongshore patterning in wave breaking over the sandbar caused
variation in the degree of wave dissipation along the beach and also resulted in
alongshore changes to swash motions. Although alongshore changes in beach
slope and wave breaking patterning over the bar were observed to be typically
correlated, both were mded in a regression model to provide the best
explaination of alongshore changesRa At infragravity frequencies (<0.05 Hz),
alongshore variability was not well associated either with changes in beach slope
or wave breaking patterning. Lemode edge waes were observed in the swash
measurements and their contribution to the total energy spectrum was greatest
near the location where a shoal was observed, suggesting this shoal may play a
role in forcing. The edge waves may have contributed to the swastiilrey
observed at infragravity frequencies. However, in these reflective conditions, the
infragravity band plays a secondary role in controlling alongshore variations to

swash motions.

Keywords:swash, beach slope, wave breaking, alongshore varighelitye waves
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3.1 Introduction

Swash is the oscillation of the water 6s

of sediment exchanges between the ocean and the beachViasselink and
Hughes 1998;Puleo et al. 2000Q. Swash flow changes both in time (agault of
changes in the wave climate and/or tidal levels) and space (as a result of changes
in the crossshore and alongshore beach profile). Aside from some notable
investigations (e.gHKlolland and Holman1996;Ruggiero et al.2004;Ciriano et

al., 2005; Stockdon et al.2006) most studies of swash hydrodynamics have
focused on the relationship between wave climate and runup height but lacked a
detailed assessment of the variability that can occur in the alongshore direction.
Interest in alongshore \ability in swash characteristics is both scientific, since it
might be associated with infragravity wave signatures at the shoreline (e.g.,
Holman and Bowen1984;Ciriano et al, 2005) and practical, since alongshore
variability in runup could be used inoastal zone management of localized

hazards (e.g., hetpots or localized berm breaching and subsequent inundation).

The characteristics of the swash motions such as amplitude and spectral features
have been studied in numerous laboratory (&lghe 1951; Mase 1988; 1989;
1995;Foote and Horn2002;Cowen et al.2003) and field studies (e.¢duntley

et al, 1977;Guza and Thorntgn1982; Holman and Sallengerl985; Holman
1986;Raubenheimer and Guza996;Ruessink et g§11998;Stockdon et al2006;
Guedes et al2011; among many others). Yet, there is still considerable debate on
how environmental parameters control the characteristics of these oscillations.
Miche (1951)found that runup heigtR increases with (monochromatic) offshore
wave heightHp until a certain saturation limit that depends on beach Siogped

wave frequency. Guza and Thorntoit1982) observed saturation of the vertical
swash motionat seaswell (incident) frequencies, although for the {o@quency
(typically betweer0.004 and 0.05 Hz) infragravity motions, a linear dependency

on Hp was observedHolman and Sallengef1985) observed a similar behavior
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under dissipative conditions, characterized by small valuesl(0of the Iribarren

numbersy

X, b (3.1)

" (Ho/ L)
whereHy and L, are deep water wave height and wavelength. For higheo
clear saturation of the incident swash was observed. They also found an overall
good agreement betweeR, normalized byHo,, and 3y, which was further
supported by subsequent research (élglman 1986;Raubenheimer and Guza
1996). Stockdon et al(2006) observed the incident band of runup to be well
parameterized by some modified (dimensional) versionswfalthough the
infragravty band showed typically no significant relationship witland scaled
better with a parameter that was dependentHgrand L, solely. Conversely,
Guedes et al(2011) observed changes iR by up to a factor of 2 on a steep
barred beach thaivere attribuéd mainly to changes in the degree of wave
breaking over the bar, and, to a lesser degree, to changes in the local beach slope.
Under highly dissipative conditions,€0.3), contrasting behaviours have also
been observed. For instanéaessink et al1998)found the runup height (which
was dominated by infragravity frequencies) to be well parameterizetipby
although a strong dependencerobn b was observed bRuggiero et al(2004)
Ruessink et al(1998), and more recentlyénéchal et al(2011), suggested that

saturation at infragravity swash frequencies can also occur during extreme storms.

Temporal variations in swash are often dominated by changes to the relative
importance of infragravity and incident wave motions. Hogguency,
infragravity motions usually dominate the variance in the inner and swash zones
under dissipative conditions (e.Buessink et 3gl.1998; Ruggiero et al. 2004,
Sénéchal et gl.2011) and can be forced by nonlinear interactions between two
wave trainswv; andw, with amilar frequencies. The linear superposition between
these waves is manifested as intermittent groups of large and small waves at the

difference frequency;-f, and wavenumbek;-k,. LonguetHiggins and Stewart
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(1962; 1964)showed that the gradients in raiibn stress within these groups
force a secondrder, phaséocked (bound) wave which is 180° out of phase with
the wave group. As the short waves break in the surf zone, the bound wave may
be released and reflected at the shoreline as a free long nadisging offshore
(leaky waves) or trapped in the nearshore by refraction and reflection (edge
waves). Free long waves are also forced by temporal and spatial variations in the

breakpoint position§ymonds et gl1982;Lippmann et aJ.1997%.

Alongshore changes in swash amplitude have been shown to be strongly
dependent on changes in foreshore beach flop®liman and Sallengef1985)
reported only small alongshore changes in runup hdfgbh a natural beach
which were positively correlated with the darren numbemry (and therefore
beach slope since all alongshore observations were subjected to the same offshore
wave conditions).Ruggiero et al.(2004) in contrast, observed alongshore
changes iR of up to a factor of 2 in one single data run, withgar swash
motions over the alongshore regions where the foreshore was sttepkdon et

al. (2006) also found positive correlation between alongshore measureménts of
(total and incident) anfl and reported to have the most alongshore variability
when the beach topography was highly tumiform due the presence of cusps,
megacusps or welded swash bars. On the other hand, a negative correlation
between alongshore series of infragravity swash heighbaves observed when

the cusp field was well developed. Many authors have shown the effect of cusp
morphology on swash characteristics (d-plland and Holman1996;Ciriano et

al., 2005;Bryan and Cocp2010).

In essence, alongshore variations in swash hageliabeen attributed to beach
face slope variationsHplman and Sallenger1985; Ruggiero et al. 2004;
Stockdon et al.2006 or, at a smaller spatial scale, to the influence of cusps
(Ciriano et al, 2005; Stockdon et al.2006;Holland and Holman 1996 Bryan

and Coco 201Q. However,Guedes et al(2011)indicated (using measurements

of swash at one location with almost constant offshore wave conditions) that tidal
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modulations to wave breaking over the bar also control changes in swash motions.
Tidal changes can also cause large differences to alongshore breaking patterns,
particularly in cases when the alongshore bar is irregular. These breaking patterns
not only cause irregular dissipation of incident energy which will likely cause
alongshore pattemg of incident swash, but also patterning in the incident group
structure. As a consequence, alongshore variations in the swash at infragravity
ranges might be expected, quite separate from any effect beach cusps might have.
Moreover, it is not clear to vett degree edge waves are sensitive to such local
variations in forcing conditions as they propagate alongshore. The objective of
this work is to determine the importance of alongshore variability in wave
breaking relative to beach slope patterns in camgpincident and infragravity
swash motions on an intermediate beach with relatively alongshore uniform beach
morphology. Section 3.2 describes the field data and the data analysis. The results
are shown in Section 3.3 where the alongshore variabilisnaish is presented

and compared to that of the beach slope and wave breaking patterns using
regression analysis. In Section 3.4 the results are interpreted for the incident and
infragravity bands of the swash and the importance of the environmental

paramegrs are discussed. The conclusions are presented in Section 3.5.

3.2 Methods

3.2.1 Field site

The dataset used for this study was obtained from video and in situ measurements
collected at Tairua Beach, New Zealarig(re 3.1) during a field experiment
undertaken on 137 July 2008. Tairua is a fairly steep @a0.1) pocket beach,
about 1.2 km in length, composed of medigwarse sand. The beach faces NE
towards the Pacific Ocean and is exposed to medium wave energy with average
offshore significant wave height and mean spectral period of 0.9 m and 5.8 s

(Gorman et al.2003. The tides are sendiiurnal and typically range between 1.2
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(neap) and 2 m (spring tide The beach is classified as intermediate in the model
proposed byWright and Shor{1984) and characterized by a rhythmic sandbar
and the common presence of strong rip curre@ti¢p et al, 2009; 201} The
sandbar remained remarkably alongshandorm during the 3 days, at a cress
shore distance of about 60 m from #t®reline Figure3.2) andwith alongshore
averaged water depths over the crest ranging from 1.1 to 2.2 m due to tidal
variations (seeGuedes et al.2011). However, a broader shoal was observed
closer to the sobern end of the beachl60 m <y < -100 m wherey represents

the alongshore coordinate of the grid defined for this 3twdhere the sandbar
trough was filled with sand and up to 0.7 m shallower compared to the trough

depth at other alongsholiecations(Figure3.2).

3.2.2 Measurements

During the experiment, field measurements of offshore wave climate, beach face
topography, and video images of the beaene obtainedGuedes et al.201).

Here, we analyze in detail three-60n long periods from 16 July 2008, during
low tide (11.00arm12.00pm), mid tide (08.0@9.00am) and high tide between
16.00 17.00pm (times are given in New Zealand Standard Time NZST)

Waves were measured using an Acoustic Doppler Current Profiler (ADCP)
deployed in about 12 m water depth (~800 m from the coast). Time series of
subsurface pressure were recorded every hour for 20 min, at 2 Hz and converted
to offshore free surface elawondp using linear wave theory. Offshore significant
wave heightHs was calculated ast4(where is the standard deviation) of the

free surface time series. Peak perifolwas determined as the inverse of the
spectral peak frequency. Hourly mean wéaéeel d was calculated as the mean of
each time series and adjusted to the local vertical datum. Peak dif@ptioas

determined from the directional velocity spectrabtained by the ADCP
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Beach topography was surveyed on 16 July with a-bes@d lidar laser scan (see
Figure3.2). Within the surveyed regioan area extending over 300 m alongshore
was selected for detailed study, encompassing the highelution part of the

field of view of the video camera. The hugelye n s e -cil pauidrdt obt ai ned fr
the beach scan was filtered using algorithms createemove outliers and nen
desired points (e.g., people standing on the beach). The algorithms repeatedly
eliminated points below/above some standard devidtased threshold within a
moving window. The windovsize [, dy] (wherex andy represent the cres

shore and alongshore directions, respectively) was [0.5, 2.0] m which was small
alongx to limit the effect of the changes in elevation related to beach slope, and
large alongy to allow the detection of the outliers. The remaining points were
then rota¢d and interpolated to a regular spacing of 0.5 m in the-stus®e and

1.0 m in the alongshore direction (the grid has its origin located at the alongshore
position of the black line close to the centefFaure3.1b and increases towards

the NW direction). Finally, the grid was extrapolated offshore of the most seaward
surveyed location at each alongshore position (this was necessary since @t low ti
the swash extended beyond the area covered by the survey). The extrapolation
was performed by extending the linear fit through the lowermost measured points

at each alongshore position.

High-resolution imagesvith number of pixeldnu, nv] = [1528, 201§ (whereu

are the pixels along the vertical amdalong the horizontal direction) were
acquired continuously at 2 Hz, using a digital camera mounted at the southern end
of the beach at approximately 42 m above the mean sea fegetd3.1b shows

an example image). Swash oscillations were extracted at 31 alongshore locations,
spaced 10 m aparFigure 3.1b), which were parallel and oriented perpendicular

to the beach in realorld coordinates. Pixel values were sampled along each of
these lines, creating time series of pixel intensity (time sfaitka which the
swash was identified (followindagaard and Holm1989;Guedes et al.201).

For the midtide dataset of images only, the swash positions were also extracted at
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1 m alongshoreesolution, which is close to the maximum pixel resolutiothef
camera along thg direction near the northern end of the array (the image frames
were used instead of extracting the time stacks). Conversions between pixel and
ground coordinates were made using the colinearity equations described by
Holland et al.(1997)with corrections for lens distortions (FigurdSai c show
examples of rectified images that have been averaged over 10 min of video
footage). The vertical resolution of this technique, estimated by mapping the
crossshore pixel resolution tan elevation within the swash zone, varied as a
function of both beach slope and distance from the camera and was less than 9 cm
(with averages over each transect ranging from 1 to 2 cm from the closest to the

farthest one).
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Figure3.2. Nearshore bottom elevation map derived from the Lidar survey undertaken on
16 July 2008 and the bathymetry estimated from the images from the same day using the
method described in Section 3.2.3. Color bar representstielevaelative to the mean

sea level at low tide. Black thick lines show mean swash locations calculated from the
time stacks at low and high tide. White line delimits the elevations interpolated from the
Lidar survey from those obtained using the imagesndy are the crosshore and

alongshore grid coordinates, respectively.
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3.2.3 Data analysis

The swash was defined at each alongshore location as the most shoreward edge of
water identifiable on the images. This definition has been shown to be consistent
with swash measurements obtained using resistance wires deployed near the
seabed Hlolman and Guzal984;Holland et al, 1995. The edge was detected
using an image processing algorithm developed to distinguish the sharp contrast
typically observed betweeindé foamy swash front and the darker sandy beach.
Manual swash detections were required in some images where the algorithm
failed due to poor lighting contrasts. Time series of vertical runup elevRtion
were derived from the digitized swash locations sifeebeach topography was
accurately known from the lidar survey. In total, 3x31:n@@ long time series of

runup elevation were generated over the three periods of interest. Additionally, a
matrix composed of 301, @din long runup series (spaced evemnlongshore)

was also generated at mid tide.

The beach slopb within the swash area was calculated from the surveyed beach
face morphology using two different approaches to account for the possible effect
of a beach step present between the eshsse positions of ~25 and 40 m (see
Figure 3.2). Guedes et al(2011) found that the presence of the beach step
affected the swash maxima distribution at high tide. The first apprdach (
definedb at eachi™ alongore positiony;(t), wheret is time, as the best linear fit

of the measured croshore profilen(x) between the locations of mean & & the
shoreline positions for each data run. The beach step was included in the
calculation ofb, gat high tide. The scond approachbgea) did not include the
beach step anblwas defined as the best linear fitlgk) between the location of

mean shoreline position + 10 cm for each data run.

Nearshore bathymetry was estimated offshore of the region where the swash was
measured using the method developedlant et al.(2008) The technique uses

time series of image intensity sampled from georeferenced pixels and identifies
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wavenumbersk where the coherence of intensity between pairs of pixels is
maximized. The method ibased on a tomographic approach that uses a nonlinear
inverse method to solve for wavenumbers at discrete sets of frequencies and
provides accuracy estimates that reflect the sampling design, the signal coherence
and the resolution of the solutioRlant et al, 2009. The bathymetry is inverted

from the estimated wavenumbers using the linear dispersion relationship:

(2 = gktant{kh), (3.2)

whereg is the acceleration due to gravity ahds the local water depth. The
values ofh that minimize the error betwedrpredicted by Equation (3.2) and that
estimated from the images are found using an iterative scheme. The method was
used to estimate the nearshore bathymetry on-280d8nd long piel time series,
extending from 50 m X < 150 m and150 <y < 150 m and spaced every 2 and 5

m alongx andy, respectively. A coarser domain with spacing @] = [5, 10] m

was defined for estimating and h, for computational reason3he accuracy
estmated using the technique Bfant et al (2008) was typically less than 0.1 m

for the area extending from the trough to the crest of the sandbar (although errors

greater than 1 m were obtained close to the shoreline and offshore of the crest).

The contrbution of breaking waves was estimated for the three periods of interest
as the probability of breaking,(x,y,t) using the method described Byedes et

al. (2011) (Figures 3.3dif). The technique is based on the identification of
breakinggenerated foam on the time stacks, through the definition of pixel
intensity thresholds, and the calculation of the probabibtythis foam to be
observed in each pixel. Although this method does not distinguish the foam
directly associated with the breaking wave roller from residual foam left on the
sea surface after the waves break, one can expect the latter to be more &gquent

wave breaking increases.
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Figure3.3. Averaged imagesbtained on 16 July 2008, at (a) low tide (11:30am), (b) mid

tide (08.30am), and (c) high tide (16.30am), rectified to plan views using geometric

transformations (see Section 3.2 \hite dashed lines represent alongshore locations of

southernmost, certr and northernmost time stacks. Images were averaged ovein10

periods. Spatial distribution of the probability of breakicglculated at (d) low tide
(11.00arnii12.00pm), (e) mid tide (08.009.00am), and (f) high tide (16:007:00pm)
with the method d&ribed in Section 3.2.8 andy are the crosshore and alongshore

grid coordinates, respectively. Color bar represents the probability of breaking.
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Figure 3.4. Alongshoreaveraged probability of brealgn|3br(X) at low tide. Vertical

arrow highlights the maximum probability from where MBx) is quantified. Gray

shading
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Alongshore series oPy(y,t) were calculated in two ways, exemplified in
Figure3.4. The first consisted of calculating the area under the curves between the
crossshore locatias of minimum (shoreward of the crest) and maximiggn

( Rgdx). The second approach quantifieg(y,t) as the maximum probability
observed at any croshiore pixel locationMax(Py). Additionally, the cross
shore position of wave breaking,(y,t) was determined as the location of

maximum probability of breaking.

Swash statistics were calculated from the 93 (detrended) hourly time series of
runup elevatiork obtained from the time stacks. Significant run up heRgwas
estimated aslUk. Power spectravere calculated from each time series, segmented
into sections of 128 s and tapered with a Hanning window. The energy density
was partitioned into highf & 0.05 Hz) and low frequency band€<Y 0. 05 Hz) an
integrated to account for the variance in theident (%, and infragravityl"12|g

regions, respectively. Wavenumiegquency spectri(k, f) were computed from
groups of 16 adjacent time series (maximum separation lag of 150 m) using the
iterative maximum likelihood estimator (IMLE) developedPgwka(1983). The

series were segmented and tapered as for the frequency spectrum calculations. A
wavenumber resolution of 0.0005'mvas chosen for the analysis. In the case
where measurements were collected -at tesolution, a 2limensionalFourier
transform(not shown) confirmed that the patterns detected using the IMLE were

not an artifact of the alongshore array design.
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Figure 3.5. Time series of hydrodynamic and morphological parameters with gray
shading highlighting the 3 periods analyzed. (a) Offshore significant wave hésght
(solid line, left axis) and peak wave peribd (dashed line, right axis). (b) Offshore peak
wave diretion Dp with horizontal dashed line indicating shavermal incidence
direction. (¢) Mean sea level (d) Degree of wavPgdxefteaki ng qua
axis, white boxes) and MaR{;) (right axis, black boxes). (e) Beach slope calculated as

b, y(left axis, white boxes) anlqn(right axis, black boxes). (f) Significant runup height
Rswith asterisks showing the data presente@inedes et al(2011). For each box in
panels (df) the central mark is the alongshore average, the edges of the btwe &% t

and 7% percentiles and the vertical dashed lines extend to the most extreme data points
for all alongshore observations. The boxes in paneig)(dvere slightly displaced
horizontally from their central position for better visualization.
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3.3 Results

3.3.1 Observations

During the three periods selected for analysis, the offshore hydrodynamic
conditions remained remarkably consistent. Gesityping waves were measured

in 12 m water depth, witlids and Tp around 0.8 m and 11.5 &igure 3.5a),
approaching the coast from the northeast directigmically less than 10° from
shorenormal incidence(Figure 3.5b). The video recordings of swash motions
spanned part of a tidal cycle ranging in elevation betw@ef9 and 0.56 m
(Figure 3.5c). The alongshoraveraged amount of wave breaking changed due to
tidally-induced variations in the water depth over the sandbar crest, with strong
wave breaking at low tide and weak during high tiéegyre 3.5d; see also
Figure3.3). The alongshoraveilmged beach face slopecalculated using the two
methods showed different patterns. The concave shape of the beach face resulted
in bmeanfollowing the same trend as the tidagure3.5e, black boxes). However,

b, swas affected by the beach step just above the beach fadeédsee3.2) with

the values at high tide being on average 20% smaller compared to those obtained
at mid tide Figure 3.5e, white boxes). The sigficant runup heighRsincreased

by 70% on average between low and high tide and displayed a consistent

relationship to botlo andbmean(Figure3.5f).

Alongshore changes were also observed in the surf and swash zones (Figures
3.5di f). Alongshore ranges ib, gand bmeanWere up to 0.6 and 0.12 (accounting
respectively for an increase of 100% and 144% from the smallest to the highest
valuesfor these two variablgsAt low tide, when wave breaking was strong at all
alongshore location®,(y) was relatively uniform (sealso Figures3.3a and

3.3d). At high tide, though, the alongshore variability was higher due to stronger
wave breaking at the southern end of the beach, where the shoal was observed
(see Figures.2, 3.3c and3.3f). Alongshore changes iRswere up to 0.68 and

0.63 m at low and high tide, representing an increase from the smallest to the

55



Rs (m)

0.26

0.18 -

-150 -100 -50 0 S0 100 150

Figure3.6. Alongshore series with dashed, thin and thick lieggesenting data obtained

at low, mid and high tide: (a) significant runup height Rs. (b) Variance integrated over the
incident G2Inc (f>0.05 Hz) and (c) over the
spectrum. (d) Rati o Degreewtwane bieakinggquaatifietl asi 2 1 n c .

UPbrdx. (f) Beach slope calculated as bmean.
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highest values of 78% and 44%, respectively (substantially higher at low tide

sinceRswas smaller).

Figure 3.6 shows the alongshore series of the total and partitioned swash variance
observed for the three periodBydxamlal yzed,
Pmeanalso shown. A linear alongshore trend existardpall periods forRswith

values normally higher towards the northern end of the bé&aghré3.6a). Small

scale alongshore variability ifRRs and partitioned variancesFifure 3.6a-C)

betweeny ~ [-130 m t0-90 m] andy ~ [40 m to 100 m] may be associated with

the incipient cusp field evide at these locations (séegure3.2).

The incident swash varian€®,c had similar spatial and temporal pattern®R®

(Figure3.6b). At infragravity frequencies, conversely, there is no clear alongshore

trend, yet some of the highest variances can be observed towards the southern end

of thebeach at high tide={gure 3.6¢). Additionally, 02.9 was found to be typically

larger at low tide compared to high tide, in contrastiig. and Rs (as also

observed byGuedes et al.2011). The ratio between¥ at infragravity and

incident frequencies showed a distinct behavior wifhy/(,c consistently

increasing from high to low tidé-igure3.6d ) . The al onRydxhmlr e ser i
Pmean Showed opposing trends with the former predominantly decreasing and the

latter increasing from the southern to the northern side of the beach (RBdiges

and3.6f).

In order to uderstand the competing role of the alongshore versus temporal
variability in the environmental parameters the proportion of the total variance

explained by its tempor#&; and spatiaPy, components were defined as:

R:[<Ct’ )~ enl (3.3)

: (3.4)




whereg is a generic environmental parameter, overbar and angle bracket denote
respectively temporal and spatial average and subsuorgenotes average over

the whole dataset. The results are reportedTable 3.1. The temporal
contributions to the total varianc®; were greater tha the alongshore
contributions Py for all environmental parameters except for the infragravity
variance (ig. P; was a factor of 7 and 8 higher thay for Rs and (fnc
respectively. Foifig, on the other hand?, was an order of magnitude greater
thanP;. The temporal contributions to the total variance were also higher than the
alongshore contributions for the amount of wave breaking over the bar and the
beach slope although the percentages explaine@ yere substantially greater

for wave breakingTable3.1).

Table 3.1. Proportion of the total variance in the sptioge seriess explained by their

temporalP; and spatiaP, contributions, calculated using Equations (3.3) and (3.4).

G P P,
b, o 0.42 0.21
Brmean 0.48 0.29
P, dx 0.77 0.16
Max(Py) 0.88 0.05
Rs 0.83 0.12
Fin 0.84 0.10
g 0.03 0.37
P/ Pinc 0.82 0.09
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Not only did the relative magnitude between the incident and infragravity swash
bands change alongshore but also the shape of the spégtnae 3.7 shows the

runup spectra calculated at mid tide at all the alongshore positions. Although
prominent peaks at infragravity frequencies can be observed for some alongshore
regions(e.g.y <-110m, y > 50 m) others are characterized by a relatively white
spectrum at infragravity frequencies (e.g. 0 m<50 m). The infragravity peaks

are usually at or near either the fifgR or second subarmonics,/3 (wheref, is

the incident peak frequey). These patterns were similar at low and high tide,
although at low tide the infragravity peaks were greater than the incident peaks at
some locations and at high tide the former were typically an order of magnitude

smaller than the latter (not shown).

3.3.2 Regressiomnalysis

The influence of environmental conditions on the alongshore and temporal
properties of the swash was investigated using regression analysis (the results of
all linear regression are reportedTiable 3.2). Figure 3.8ashows a scatter plot of
significant runup height against beach slbpg., A significant linear correlation

was observed at each of the 3 stages of the tide with correlation coeffiéiehts

0.37, 0.81 and 0.52 at low, mid and high tide, respectively (all reported
regressions were significant wititvalue < 0.05). The weakearorrelation was
observed at low tide, where the extrapolation of the bathymetry may have affected
the evaluation of the beach slope. The strongest dependence of runup height on
bmeanOccurred at mid tide, where the swash ran over the somewhat lineaf part o
the beach face and where there was still wave breaking at all alongshore locations
(Figures3.3b and3.3e). At high tide, where the alongshore variability in wave
breaking was greatest and where part of the swash cycles extended over the beach
step, the correlations were consideradatyaller than at mid tide. Analysis of the
relationship betweeh, sandRsshowed the same patterns described above at low

and mid tide (with slightly smaller correlation coefficients), although at high tide
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Figure3.7. Top panel: alongshore series of runup spectra normalized by the beach slope
bmean. Spectra wer etidetimé setes ahicle were spacednaht he mi d
intervals. Color bar represents the logarithm of the normalized power. Bptosis:

Spectra obtained from the same period everynl@longshore (positions are indicated in

the top left corner of each panel). Alongshaweraged frequencies corresponding to the

peak (f), first (f/2) and second stiarmonic (f/3) are indicated.
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b, sdecreased due to the beach step and no significant linear correlation was
observed. When the whole dataset is analyzed, we notice that (1) the correlation
betweenbmean and Rsis significant (=0.66, about 20% smaller than the value
observed at mid die); (2) the regression line intercept obtained at high tide is a
factor of 2 higher than that obtained at low and mid tide which suggests other
parameters control temporal change® consistent withGuedes et al(2011)

and (3) there is a trend withiave breaking increasing towards the lowest values

of Rsandbmean(Figure 3.&).

Figure 3.8 shows the correlations betwe&s a n d,dXJ Significant linear
correlation was observed at low and high tide although the linear dependence was
weak ¢?=0.15 anl 0.17, respectively). HoweveRs showed a stronger nonlinear
relationship to wave breaking at high tide withincreasing to 0.41 when a
quadratic regression model was usékhble 3.3). At mid tide, where the
correlation betweeRs and bneanWas greatest, no significant linear relationship
betweenRs a n d®,ddJwas observed. The regression over the whole dataset
showed atsong linear correlation between these two variables ¥itB.75 (14%
higher that the correlation coefficient betwdsandbneanfor the whole dataset).
This suggests that although alongshore changBswere better correlated with
changes in beach agle (when the beach step is not included in the slope
calculations), changes in wave breaking explainRbBeariability better when the

temporal variability is also included.

The effects of combining changes in beach slope and wave breaking in the swash

were evaluated using a multiple regression modiable 3.3 synthesizeshe

results obtained using a quadratic model with different combinations of

Aii ndependent 0 var i ablDbges artdwave lwgaking svernt be a
the bar (MaxiPy,) andXy,). Using all the three independent variables in the model

improved the moel performance for all tides and also using the whole dataset
(compare the adjusted correlation coefﬁcieﬁ;a and the root mean square errors

Ems). However, the improvement was most evident at low tide, wﬁgn
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Figure 3.8. Scatter plots of environmental parameters with triangles, circles and squares
representing data obtained at low, mid and high tide respectively: (a) significant runup
heightRsas a function of beach slope quantifiedbas,,with color bar representing the
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tide and over the whole dataset respectively (the three cases where significant linear

relationship at the 95% confidence level was observed).
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increased by 50% and 80% compared to the model u§ngnd bmean ONly,
respectively. Although at high tide there was also a substantial improvement when
using the three independent variable&qf0.66, respectively 29% and 78%
higher than usin®mean and MaxPy;) alone), at mid tide the enhancement was
small (withrzadj barely 5% higher than that obtained with the model ubjngn

only). Overall, best results were achieved with the quadratic model over a linear
one, for the three stages of tide (up to 80% higthéow tide, not shown). This is
because the two variables adopted as a proxy of wave breaking in the model
showed a nonlinear relationship Rswithin each tide period, whereas the linear

and quadratic models usibgeanalone had essentially the sankéls

Table3.2. Regression analysis results.

2

X y m b r

Brmean Rs(m) 5.558358  0.6151  0.37

By, dx Rs(m) -0.000627  1.6332 0.15
02

Low tide Pmean l;lzmc(mz) 0.716397 0.0090 0.45

Py, dx Fne(m?)  -0.000069  0.1124 0.13

Brmean Vi (119) 0.144143  0.0120 0.12

P, dx V(119! -0.000031  0.0507 0.17

Brmean Rs(m) 5.826599  0.6707 0.81

By, dx Rs(m) -0.000369  1.5772 0.13

. Brmean & ne(f) 0.724831  0.0063 0.71
Mid tide . 02

By, dx Fne(n?)  -0.000027  0.1080 0.04

Brmean &g (mP) 0.183494 0.0019 0.43

B, dx Ve (119) -0.000021  0.0356 0.21

Brmean Rs(m) 4.061148  1.2842 0.52

By, dx Rs(m) -0.000390  1.9478 0.17

o Brmean Finc(n?) 1.079916  0.0438 0.67
High tide . 02

By, dx Fno(m?)  -0.000106  0.2210 0.24

Brmean &g(n?) -0.099998  0.0353 0.21

B, dx Ve (119) 0.000012  0.0182 0.12

Brmean Rs(m) 9.267611  0.3787 0.66

B, dx Rs(m) -0.001101  2.0673 0.75

. Bmean Vg (119 1.732476  -0.0848 0.65
All tides . 02

By, dx Fne(m?)  -0.000206  0.2309 0.75

Brmean Vi (113) -0.020556  0.0256  0.01

B, dx &g (mP) 0.000003  0.0214 0.02

y=mx+b. Correlation coefficient? significant at the 95% confidence level showed
in bold.
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Table3.3. Multiple regression results. Independent variaBlgaind b were quantified as

Max(Py) andbnean respectivelyr? is the correlation coefficient for each modlégdj is
the correlation coefficient adjusted for the numbérobservationsn and unknown

coefficientsp as: 1- (1- rzl(n- 1)/(n' p)] E.ms is the root mean square error, given in
meters. Models with best skill (hig&dj, smallE,,¢ for each stage of tide are highlighted

in bold.
Dependent Independent 2 2 E n
variable variables adj rms
Low tide
Rs Por 0.03 -0.04 0.15 31
Rs b 0.39 0.35 0.12 31
Rs Xor 0.46 0.42 0.11 31
Rs Por, b 0.64 0.57 0.09 31
Rs Pory Xor 0.57 0.49 0.10 31
Rs b, X 0.57 0.48 0.10 31
Rs Py, B, 0.74 0.63 0.08 31
Mid tide
Rs Py 0.14 0.08 0.11 31
Rs d 0.83 0.82 0.05 31
Rs Kor 0.12 0.06 0.11 31
Rs Por, b 0.84 0.81 0.05 31
Rs Purs Xor 0.26 0.11 0.10 31
Rs b, X 0.88 0.85 0.04 31
Rs Por, B, 0.90 0.86 0.04 31
High tide
Rs Por 0.41 0.37 0.13 31
Rs b 0.54 0.51 0.11 31
Rs Xor 0.06 0.00 0.16 31
Rs Py, b 0.65 0.59 0.10 31
Rs Pors Xor 0.42 0.31 0.13 31
Rs b, X 0.62 0.54 0.10 31
Rs Por, B, 0.76 0.66 0.08 31
All tides
Rs Por 0.78 0.78 0.16 93
Rs d 0.66 0.66 0.20 93
Rs Xor 0.48 0.47 0.25 93
Rs Py, b 0.84 0.83 0.14 93
Rs Pory Xor 0.87 0.86 0.12 93
Rs b, X 0.76 0.75 0.17 93
Rs Py, B, 0.93 0.92 0.09 93

uadratic modelsy=bg+b, X1 +boXo+b3X1 Xo+0, X1 “+s X5, whereY is the predicte
Quadrat delsY=by+byXs+0oXo+03Xs Xo+h Xa +bsX,%, whereY is th dicted

variable, Xy is theq™ independent variabléy, is the intercept anb, k=1, 2 ,

the regression coefficients.
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Figure 3.8cs hows t he s c a Pgtdeandbpd, dhere ib @ negative n U
relationship between the amount of wave breaking and the beach slope over the
conpl et e dat as e tPydwexplaning5s% obg.g shanges. When
regressing the data from each stage of tide, a negative relationship occurred also at
mid and high tide withr? amounting to 0.26 and 0.31, respectively. At low tide,
when part oftie beach face was not surveyed and when wave breaking was more

homogeneous alongshore, no significant linear relationship was observed.

The scatter plot of the ratio between the variance at infragravity and incident
frequenciediy/linc versus significant runup heigRsis shown inFigure 3.9 A
negative linear relationship was observed at high tide, with changé&s in
explaining 26% of the observed changesifin.. Although no significant linear
relationship was observed betweepdh variables at low and mid tide, a strong
negative correlation was found using the whole dataset i#0.67 which is
consistent with the increase in the relative contribution of the infragravity
frequencies as wave breaking increases and the incidame wnergy is

dissipated.

3.4 Discussion
3.4.1 Environmental control

The amount of wave breaking was observed to be negatively correlated with the
foreshore beach slope when the beach step was not inckidede(3.8). This is

not surprising given that the concashape of the beach face means that its
alongshoreaveraged slope decreases substantially at low Tidbl€ 3.4) when

the water depth over the sandimsmaller and there is more wave breaking over

it (Figures3.3, 3.6e). Nevertheless, the significant linear correlation also observed
using only the mid and high tide datasets indicates that there is indeed some
degree of dependence between the local beach Blppgand the degree of wave

breaking over the bar. This dependence suggests a morphological coupling
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between the sandbar and the shoreline (@agtelle et al.2010 and is consistent
with observations of rhythmic sandbar features coupled with shoreline

rhythmicity (e.g.Sony 1973;Coco et al. 2005;Castelle et al.2010).

Guedes et al(2011) showed that changes in the degree ofibduced wave
breaking dissipation can be the dominant control on changes to swash motions. In
that study the breaking patterrwere essentially modulated by tidlatluced
changes in the water depth over the sandbar crest. The limited alongshore
variability in the sandbar morphology observed in this study would be expected to
yield limited effect on alongshore runup variabilityowever, a relatively broad
shoal was observed near the southern end of the beach which resulted in some
degree of alongshore variability in wave breaking, most evident during high tide.
At high tide the negative correlation betweBp(y) and Rgy) was geatest
(Table3.3), suggesting that these small alongshore changes in bar morphology did
reflect alongshore changes in swash height, although it miteappear to have
been the dominant process controlling these char@es.observations suggest

that welldeveloped thredimensional sandbar morphology might yield
substantial alongshore runup variabilityer@@rality of previous studies analyzing
runup elevations at a single location might be limited and future studies should
account for the effect of alongshore variability in both the beach face and the

sandbar.

Consistent withRuggiero et al(2004) although in this case for a much steeper
beach, alogshore runup variability was predominantly induced by alongshore
changes in beach slope. Though alongshore variations in wave breaking also
appear to have affected the magnitude of the swash moRsfyst) correlated
consistently better withmea(y,t) thanMax(Po)(y,t)  Borx(yl) (see Table8.2
and3.4). However, the multiple regression results show that one must acoount f
alongshore changes in wave breaking patterns in order to best predict alongshore
variations in runup height. The model showed the best skill when measures of the

fraction of broken waves and the cra$®re positions of breaking were
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simultaneously used as inputs which possibly results from neither of these

qguantities being an optimum descriptor for wave energy dissipation. As

mentioned earlier, the method used for estimating the probability of breaking did

not distinguish breakingenerated foam (directly associated with wave

dissipation) from residual foamleft behind the waves after they break.

Additionally, though the crosshore position of wave breaking is potentially

related to the depth of the bar crest and therefore the wave dissipation over it, it

does not explain alongshore changes in dissipatattenms that might occur

shoreward of the bar crest (such as over the region where the shoal was observed).

The nonlinear relationship observed betwBs@mand wave breaking might be also

associated with the inability to have a precise measure of waveyehssgation.

3.4.2 Incident swash

A large part of the temporal variations in the swash amplitude was driven by

dissipation of the incident band of the swash. Analysis of Figdiesand3.6b

shows that the incident swash variafigg, which amounted (on average) to 89%
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and 68% of the tal swash variance at high and low tidelgle 3.5) follows a
similar behavior toRs The infragravity variance tends to follow an opposing
trend, asalso observed bguedes et al(2011) However, an interesting pattern
can be observed. Between mid and high tide, 64% and 71% of the total changes in
(alongshoreaveraged)Rs and .. were observed (se€able 3.4). Conversely,

most of the alongshor@veraged changes in beach sldpgan (64%) occurred
between low and mid tide. For the small wave heights that occurred during the
experiment, the periodetween mid and high tide represents a transition when
most waves changed from breaking to #weaking over the sandbar (see
Figure 3.3). It appearghat this transition plays a major role in the dissipation
pattern of the incident wind waves (notice that 56% of the alongsiveraged
changes in MaX},) were observed during the rmdid-high tide period, in

agreement with the incident dissipation patie

The degree of dominance of the incident over the infragravity band of the swash
was associated with the Iribarren numbgr(Figure 3.10 r>=0.56). The high
intercept obtained from regression analysis between these two variables implies
that this relionship does not hold for extreme energetic conditions, where the
Iribarren number is typically smaller than 0.3 and the infragravity band has been
shown to account from 85% to 98% of the total energy in the sviRass§ink et

al., 1998;Ruggiero et al.2004;Sénéchal et al2011)).

Table3.4. Alongshoreaveraged parameters.

Low tide Mid tide High tide
Rs (m) 1.10 1.36 1.84
P (MP) 0.053 0.092 0.188
&g (m?) 0.024 0.023 0.021
Brmean 0.086 0.118 0.136
Max(Py,) (%) 61.1 34.9 14.2
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Figure3.10. Scatter plot of the relative amount of incident variaffgg/d? as a function

of the Iribarren numbesy, calculated using Equation (3.1) abgLa,as the beach slope.

Triangles, circles and squares represent data obtained at low, mid and high tide
respectivel y. Col or bar represenR,dx Thehe amoun
equation of the regression linelfs,J/&” = 0.16y+ 0.51.

Table 3.5. Percentages of the total swash variance at incident and infragravity

frequencies.

Low tide Mid tide High tide

min 61 69 78

o, max 77 86 94
°  mean 68 80 89
std 4 3 3

min 23 14 6

&, max 39 31 22
mean 32 20 11

std 4 3 3
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3.4.3 Infragravity swash

The infragravity band of the swash spectrum showed large alongshore variability
during all periods (Figure8.6¢, 3.7, Table 3.1), despite the absence of well
developed three dimensional features on the beach Fagpard 3.2). The biggest
changes ir1‘32|g (up to a factor of 3) happened during low tide, when both wave
breaking andfﬁg were greatest (Figureés3, 3.6, Table3.4). During mid and high

tide, though, alongshore changes were also Iarge&?v@tharying by more than a
factor of two. Thet"12|g was found to be significantly correlated whiQeanat mid

and high tide Table 3.2), in contrast to the results reported $tockdon et al.
(2006) who found generally no correlation between these variables when three
dimersional morphological features were not well developed. However, the
patterns were not consistent, with positive correlation observed during mid tide
and negative during high tide (s&€able 3.2). The infragravity varianc«‘=i|2|g was

al so found to be si dgdk(y) atdosvrtidel (whencnor r el at ed
significant correlation betweel‘t’lﬁg and bmeanwas observed) and mid tide (when
wave breaking ah beach slope were not significantly correlated). Nevertheless,
none of these correlations were strong (in agreementStitbkdon et a/.2006

and one would expect the alongshore modulation of infragravity variance to have
been also controlled by processother than the local beach face slope and the

adjacent degree of wave breaking over the bar.

The shape of the spectrum at infragravity frequencies displayed distinct
alongshore patterns. In contrast to some previous observationss(eg.and
Thornton 1982; Ruessink et gl.1998; Holland and Holman 1999), prominent
peaks were observed below the sea/swell frequencies at distinct alongshore
positions Figure3.7), especially at low and mid tide when relatively more energy
was present at infragravity frequencies. There were also alongshore positions
where the infragravity spectral shape was considierfidtter. The alongshore
variation in the infragravity peaks might be indicative of the presence of edge

waves.Figure 3.11 shows the wavenumbdérequency spectri&(k,f) obtained at
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mid tide using the IMLE technique. Assuming a stationary wave field, the wave
energy associated with edge waves would be expected to extend along ridges in
wavenumbeiffrequency space governed by the dispersion relatipnigi edge
waves Here, the dispersion relationship was evaluated using a numerical model
that accounts for nearshore bathymetipwd et al, 1999 to include the effects

of the sandbar on the theoretical dispersion lifsrgan et al, 1998§. Although

moast of the energy ikE(k,f) is concentrated in the wavenumiberquency regions
corresponding to leaky waves, some ridges within the-nmsle edge wave
region can be observedriure 3.11). The most prominent ridge lies near the
lower mode numben=0 with some energy also lying between mode& and

n=2, and peaks betwedg2 andfy/3 (consistent with the frequency spectra) and
wavelengths around #60 m. These patterns appeared for the three periods
analyzed (not shown). Although the mechanisms responsible for generating the
edge wave signals observed here are not clear, theseathmes agree with other
studies showing the importance of lowsode edge waves in the infragravity
band of the swash spectra (e@tmanShay and Guzal987) and might be

related with the alongshore modulation of infragimaswash found in this dataset

The edge wave dispersion patterns were not homogeneous along the beach.
Frequencywavenumber spectra estimated over moving sequences of adjacent
time series (each sequence spanning 90 m alongshore) show that -thedew
edge wave dispersion patterns gvemodified according to the alongshore location

of these sequencebigure 3.12). Numerical model predictions of the lawode
dispersion lines usinthe average profile over each sectiéig(re 3.12, dashed

lines) show such variability to be explained by small alongshore variations in the
bartrough morphology although a mismatch between the locations of some of the
ridges inE(k,f) and modeled dispersion lines can be observed. Such differences
possibly originated from inaccurate estimates of the nearshore bathymetry (low
frequencies are particulgr sensitive to the offshore bathymetry, which was

inferred from the video images), the effects of alongshore currentsiergl et
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Figure 3.11. (a) Wavenumbefrequency spectr&(f,k) of runup elevation time series

estimated at mid tide using the IMLE method, over 16 time series spaced every 10 m
alongshore,betwveen 50 m O Y O O m. White thick solid Ii:
of f cal c®’sl gkedwasre ¥ i s )wihea wavandmberroffsétr equency
of 0.006 it (following Ciriano et al, 2005). White dashed lines show numerical model

predictions of modes=0, 1 and 2 edge waves from the bottom to the top. Color bar

represents the logarithm of energy dend&ity (b) Maximum enmy density over the

region corresponding to the numerical model prediction of rzede edge wave

(evaluated for each frequency, between the wavenumber satisfying the dispersion
relationship + 0.005 i), plotted against wave frequenéy Thick and thin ines are

associated with positive and negative wavenumbers respectively. Contributions from

leaky modes have not been included.

al., 1992; OltmanShay and Howd1993;Bryan and Bowenl1998) which were
not measured during the experiment (notice that thenhmde ridges are not
symmetric along th&-space) or linear approximations in the edge wave model
(Ciriano et al, 2005. The relative contribution of edge waves to the total energy

density spectrum also changed alongsheigure 3.13 shows that the percentage
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of energy within the region corresponding to edge waves iE({hg was greatest

near the southern end of the beach, where the shoal was obserjedse&3).

This pattern was observed for the three stages of Fideire 3.13) and suggests

that edge waves might have been predominantly forced around the location where
the shoal was observed, due to enhanced nonlinear energy transfer over the shoal,
and dissipated part of their energy as they propagatag tom this region. This

is also consistent with observationsH#nderson and Bowg2002)who showed

infragravity energy to be higher near the region of infragravity forcing.
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Figure 3.12. Wavenumbefrequency spectrd&(f-k) of runup elevation time series
estimated at high tide using the IMLE method. Spectra were estimated over sequences of
10 adjacent hourly time series spaced every 10 m alongshore (central alongshore position
is shown at the top afach panel). Thick solid lines show the leaky waveofutvith a
wavenumber offset of 0.006 t(see the caption dFigure 3.11). Dashed lines show
numerical model predictions of modes0, 1 and 2 edge waves from the bottom to the
top, using a profile averaged over the alongshore location of each estimate. Thin solid
lines show numerical model predictions of mog® edge wave using a profile averaged

over the whole analyzed region.
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Figure 3.13. Left panels: frequenclplotted as a function of alongshore wavenumber
showing the-k space (in white) over which thgk,f) was integrated to estimate tleaky

(a) and edge waves (b) contributions (shown on the right). Right panels: proportion of
energy densityed within the regions corresponding to leaky (c) and edge waves (d)
plotted as a function of alongshore position on the beach with dashed, thimckrithes
representing data obtained at low, mid and high tide. Efgf) spectrum was calculated

using 10 adjacent time series spanning 90 m along the beach centesed at

3.5 Conclusion

Large alongshore variability in swash motions was observed on an intermediate
beach not characterized by the presence of-aesieloped, three dimensional
morphological features such as prominent beach cusps,-enega or crescent
sandbars. Most of the nability occurred as a result of changes in the incident
band of the swash which was always the dominant component of the swash
motions. These changes were observed to be primarily driven by variations in the
local beach face slope although alongshoreabdity in wave breaking over the

bar also contributed to these changes. However, when tidal variations were also
accounted for, variation in bamduced wave breaking was the dominant control

on swash height. Accounting for the combining effects of betmbe and wave
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breaking dissipation was found to be critical to explaining alongshore changes in

swash height.

The shape of the spectra at infragravity frequencies was not always white but
showed prominent peaks for some alongshore locations on the Ibeachthe
frequencies corresponding to half and -tmed of the incident peak. These
infragravity peaks were possibly associated with the presence ehtme edge

waves which were detected in the swash observations during the three stages of
the tide. Tlese alongshorapped waves might have been predominantly forced
around the location where a shoal was observed and appear to have dissipated part
of their energy as they propagated along the coast away from the shoal. The low
modes might have caused paftthe alongshore variability in infragravity swash
height observed here which was not well explained by changes in the local beach
face slope or the degree of wave breaking over the bar. However, the infragravity
band is often not dominant under internate and reflective conditions such as
those observed in this study and therefore edge waves are not expected to be the
dominant process driving alongshore changes in swash motions under these

conditions.
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Chapter 4

Observation®f wave energy fluxes and swash
motions on a lowsloping, dissipative beach

R. M. C. Guedes, K. R. Bryan, G. Coco (in preparati@bservations of wave
energy fluxes and swash motions on a-kleping, dissipative beagclsubmitted
to Journal of Gephysical Research
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swash motions on a legloping, dissipative beadh, submi tted i n Decemb
to theJournal of Geophysical Researdh this study, an extensive field collection

of offshore and surfzone wave measurements, intertidal beach morphology

surveys and video runup data are analysed to investigate the surfzone control on

swash oscillations onlaw-sloping, dissipative beach.
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direction.
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Abstract

Field observations of swash and ocean waves show that runup saturation at
infragravity frequacies (< 0.05 Hz) can occur under mild offshore energy
conditions if the beach slope is sufficiently gentle. Infragravity saturation was
observed for highefrequency (> 0.025.035 Hz) infragravity waves, where
typically less than 5% of the (linear) engritux was reflected from the beach and
where, similar to the seawell band, the swash energy was independent of
offshore wave energy. The infragravity frequency range of saturation was
determined by the tide, with saturation extending to lower frequeatilow tide
when the local beach face slope over the consheped profile was gentler.
Runup was strongly dominated by infragravity frequencies, which accounted on
average for 96% of the runup variance, and its energy levels were entirely
consistent wh strong infragravity wave dissipation observed in the surfzone,
particularly when including the nonlinear contributions to the wave energy fluxes.
Our observations show evidence of nonlinear interactions involving infragravity
and highfrequency, harmogiwaves, and suggest that these harmonics could play
a role in the wave energy balance near the shoreline osltping, dissipative

beaches.

Keywords: swash, waves, infragravity, energy flux, dissipation.
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4.1 Introduction

Energy spectra of wawariven shorkne oscillations (runup) can be dominated by
low-frequency infragravity motions (0.004.05 Hz), below the seswell
frequency range (0.08.4 Hz) that normally dominates the offshore wave
spectrum (e.g.Guza and Thorntgnl982;Guza et al.1984;Holmanand Bowen

1984; Holland et al, 1995; Raubenheimer et al1995; Ruessink et al.1998;
Ruggiero et al. 2004; Sénéchal et gl.2011). This frequency downshift implies
dissipation of (steeper) waves at-sgell frequencies, which occurs mostly due

to breaking in shallow water (e.ghornton and Guzal983), and energy transfer

to gentlysloping infragravity waves (e.dgdenderson et al.2006), for which
breaking is less likely to occur. Infragravity swash motions can provide the main
mechanism for sedimé transport on lovsloping, dissipative beacheButt and
Russell 2000) and therefore predicting their occurrence and magnitude is a
critical component of shoreline change models. Yet, we do not have a clear
understanding of the processes that contmlitifragravity wave transformations
between the very shallow surfzone and swash zone as only few field observations
(e.g.,Holland et al, 1995; Raubenheimer et al1995) have linked crosshore

wave evolution patterns in shallow water to infragravity swanotions.

Low-frequency infragravity waves can be excited by interactions of short waves at
seaswell frequencies in the shoaling regituonguetHiggins and Stewarf1962)
showed that a pair of short waves with closgbaced frequencids andf, and
wavenumberg; andk, excite groupbound, outof-phase infragravity waves with
frequency and wavenumbgr f, andk; - ko, due to lowfrequency modulations of

mass and momentum fluxes associated with the wave groups. As the water depth
decreases aritie short wave pair shoals, the interaction becomes nearly resonant,
since the bound wave frequency and wavenumber approach those satisfying the
dispersion relationship, causing energy to be more easily transferred from the
short to the infragravity wavd®.g.,Battjes et al. 2004). This transfer has been

demonstrated in field observations, where statistieatipificant phase coupling
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involving pairs of sea swell and infragravity waves at their difference frequency
has been observed using bispectralysis (e.g.Hasselmann et g11963;Elgar

and Guzal1985;Herbers et al. 1994;Ruessink1998a;Sheremet et gl2002).

Within the surfzone, the seavell wave amplitude becomes defithited (e.g.,
Thornton and Guzal983;Howd et al., 1991Raubenheinreet al, 1996) and the
groupiness of short waves drastically decrealsis§ (1991) due to wave breaking.
Thegrouppound | ong waves are believed to
as free wavesLpnguetHiggins and Stewayt 1962; Janssen et gl. 2003,
eventually reflecting from the beach. Infragravity forcing may also take place near
the edge of the surfzone due to grénguced temporal and spatial variations in
the breakpoint positiorS{ymonds et gl1982;Lippmann et al.1997). Nearshore
infragravity energy increases with offshore saeell wave energy Holman
1981; Guza and Thorntgn1982; 1985). However, recent observations have
shown that infragravity dissipation might limit energy increases in very shallow
water, due to bottom friction (e.ddenderson and Bower2002), infragravity
wave breaking (e.gBattjes et al. 2004;van Dongeren et gl2007) or nonlinear
energy transfers from low frequency back to higher frequency motions (e.g.,

Henderson et al2006;Thomson et al2006).

Swash mtons are dominated by infragravity frequencies when dissipation
influences the seswell wave energy range more than the infragravity energy
range. Such conditions are usually met on gesitiping, dissipative beaches,

characterized by low values of anthmensional beach steepness parameter, the

Iribarren numbesy (Iribarren and Nogales1949;Battjes 1974)

X :L (4.2)

T (Ho/ L

whereb is the beach slope (for a planar beath)js the deep water wave height
andL, is the deep water wavelength. However, the roles of offshore conditions

(Ho andL) and surfzone condition®)in controlling infragravity swash are still
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debated. For exampl§uza and Thorntof1982) measured swasMotions under
mildly dissipative conditionsh(andHg roughly between 0.0%.05 and 0.61.5 m
respectively,3y ~ 0.3 1.4) and found that whereas vertical swash excursions
(runup) at seawell wave frequencies were saturated (independenHf
infragravity runupRyg increased linearly witlHo, at a rate of 0.7. Similar linear
dependence was found IRuessink et al(1998) for a site exposed to highly
dissipative conditionsb(~ 0.017 Hp ~ 0.55 m, 3y ~ 0.05 0.3) although a much
smaller coefficient of proportionality, 0.18, was obserwgédlman and Sallenger
(1985), analyzing a dataset obtained under broader (and overall more reflective)
environmental conditions{ ~ 0.5 4), foundRy (normalized byHo) to be linearly
dependent orsy, suggesting that beach slope and wavelength may also be
important. The beach slope effect was confirmedringgiero et al(2004) who
observed alongshore changesRjy under highly dissipative conditionsy(~

0.05 0.25) to be linearly dependent dm Alternatively, Stockdon et al(2006)
examined infragravity runup for a dataset composed of measurements from 10
different field experiments that spanned a rangepaind foundRy to be best
predicted using a parameter degent only onHpy and Ly (and no significant
linear relationship wittb). More recently,Guza and Fedderse{2012) showed

that infragravity runup may also depend on incident wave directional and

frequency spreading.

There is also mounting evidence that agfravity swash can be saturated, or
independent of offshore wave conditiofdugéssink et gl.1998;Ruggiero et al.
2004; Sénéchal et gl.2011) in a similar way to swash at incident frequencies
(e.g., Huntley, 1977; Guza and Thorntgn1982; Holman and Skenger, 1985;
Raubenheimer and Guz&996). Infragravity swash saturation is consistent with
breaking of infragravity waves and has typically been observed under highly
energetic offshore wave conditions (when the long waves are stdRpessink et

al. (1998) suggested the lowest frequency for which saturation o&ctosbe

related tosy, with fs within the infragravity range fasy roughly less than 0.3. The
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authors observed different patterns feg when 3y < 0.3 and linked these
differences to infragravity saturatioRuggiero et al.(2004) found infragravity
saturation to extend into somewhat lower frequencies for alongshore regions
where the beach face slope was gentler (for equal offshore wave conditions).
Infragravity swash saturation has been typically inferred from the characteristics

of the swash spectra and their relationship with offshore wave conditions.

This work explores the exchanges of energy between the inner surfzone and the
swash using new igitu observations of croshore wave evolution in very
shallow water coupled with video observations of wave breaking patterns and
swash motions, obtained on a lsloping dissipative beach. Although swash
observations are common, and infragravity saimmahas been documented in
previous studies, the swash infragravity levels have not been linked to the flux of
energy from the surfzone, and how and where the energy transfer between
incident and infragravity frequencies occurs has not been fully expMfedise
simultaneous measurements of water pressure and velocity obtained at different
crossshore distances from the shoreline (controlled by changes in tide) to
estimate crosshore linear and nonlinear wave energy fluxes and nonlinear
energy transfersmaong frequencies, based on equations describddebgerson

et al. (2006) andSheremet et al2002). Our findings indicate that infragravity
dissipation is strong within the surfzone, increases with infragravity wave

frequency and plays a pivotal roleaantrolling the rurup spectrum.

4.2 Theory

In order to investigate the possible surfzone control on infragravity swash
observations, an energy balance between infragravity growth and dissipation was
evaluated from simultaneous observations of pressure aratityelin the

surfzone. In addition, the craesbore locations and frequency components
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involved with such growth and dissipation were determined using bispectrum

analysis.

4.2.1 Energy balance

Henderson et al(2006) proposed a conservative, dejotiegrated, aingshore

uniform energy balance for infragravity waves in shallow water
WE(T) =W(f), 4.2)
X

to describe crosshore changes in infragravity net energy flbk f ), based
primarily on the energy transf&¥( f ) to infragravity waves from waves at other
frequencies, wherd is the cyclic frequency. The creskore coordinate is

defined as positive seaward.

The net energy flux=( f ) at infragravity frequency is calculated following

Henderson et al2006) as
F(f)=hC; (h,u)+C; (A, M) +C,(S,.u), (4.3)

whereC; (a, b) denotes the espectrum of reavalued variables andb, h is the
mean water deptl is the seasurface elevation around the mean water level, and
u is the crosshore velocity (positive seaward)l and S, represent the slowly
varying part of the sea swell mass flux and cisissre component of the sea swell

radiation stress, respectively, and are given by
M =hui, (4.4)
and

S, =g huiui+hihil 2, (4.5)
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wheregi s the acceleration due topasgedavi ty

filtering between 0.05 and 0.4 Hz. Note that Equations (4.3) and (4:6)desen
scaled to be dimensionally consistent with Equation (Bharemet et a(2002).

The first term on the right hand side of (4.3) corresponds to the linear component
FL( f) of the net energy flux and, assuming crskere propagation, can be
deconposed into shoreward propagatifg (f) and seaward propagatifg ()

components§heremet et §12002):

(=30, ) +()c, () Fa)e )] @

with F( f) = F'(f)-F (f) (the sign convention adopted here for the two
components is the opposite of thatSheremet et a(2002), whereau is positive
shoreward). The second and third terms on the right hand side of (4.3) are
nonlinear corrections which have similar magnitudelsen integrated over
infragravity frequenciesHenderson et al2006). The nonlinear component of the

net energy flun ( f) is defined here as the sum of these two terms.

The nonlinear energy transfer term in (4.2), assuming nearly -sloongal

shallowwater waves, is defined adé€nderson et al2006)

W()=C (S /i), (4.7)

with positive and negative values indicating energy transfer to and from waves
with frequencyf, respectively. The crosshore gradientof the crossshore
velocitypu/uxis calculated from the shallow water mass conservation equation

with the wave mass flux term neglected:

W lgwh, g (4.8)
X hght  px=

wheret is time and all other symbols have been previously defined.
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4.2.2 Forced waves

Following previous studies (e.delgar and Guza 1985; Herbers et al. 1994;
Ruessink1998a;Sheremet et g12002) the source of wave energy associated with
forced infragravity wagsis investigated in terms of the digital bispectri(fy,

f,) (Hasselmann et gl1963)

B(f1' fz) - E[AflAfz *1+f2] ! (4'9)

where EJ[ ] represents the expeetﬁ.‘zdue,Afn are complex Fourier coefficients at

the "™ frequency component and the asterisk indicates complex conjugate. The
bispectrum measures the statistical dependence among three waves with
frequenciesf(, f,, f1+f,). B(f1, f2) vanishes if the wave triads are independent and

have random phases, such as in a linear wave field. On the other hand, nonlinear

coupling between two primary waves and a forced, secondary wave yig(tls a

f,) which is statistically different than zerd\ relative measure of the phase

coupling between the wave triads can be obtained by the normalized magnitude

and phase of the bispectrum, defined as the bicohebg¢hc®) and bfiih phase df
f,) and calculated respectively &t and Powers1979)

b( fl’ f2) — - |B(f1’ f2)| 7 (410)
N 2 A 2m
gaEgAflAfz\ A B
and
d(r,, 1) = tan SMB(E, )} 0 (4.11)

éRe{B( fi, fz)} H’

where Im{ } and Re{ } represent the imaginary and real parts. Different
combinations of théy coefficients have been used to normalize the bispectrum
in (4.10) and calculatb(f;, f,) (e.g.Herbers et al. 1994;Ruessink1998a). The
normalization factor adopted here folloken and Power(1979) andElgar and
Guza( 1985) and be sl.r 88Fshs@nific@nce level on zero

bicoherencdygsy is calculated aHaubrich, 1965)
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bys, 2 (6/DOF)"?, (4.12)

whereDoF is the number of degrees of freedom.

4.3 Method
4.3.1 Description of field experiment and da&duction

The field data were collected betweer 08 November 2010 at Ngarunui Beach,

Ragl an, an exposed, dissipative beach | o
North Island Figure 4.1). Ngarunui is about 2 km in length, constrained by an

inlet to the north and a headland to the south, and frequently characterized by the
presence of groundwater seepage above the swash loisenén et al.2011).

The beach is composed by fimeedium, black sandSherwood and Nelson

1979) (the median grain size at the meas
a gentle slope (the average sldpganover the intertidal region was about 0.014,

seeFigure 4.2). The field site commonly experiences energetic offshore wave
conditions with average offshore significant wave heightand mean spectral

period T, of 2.0 m and 7.0 s, respectivel@drman et al. 2003). The tides are

semidiurnal and typically range between 1.8 (neap) and 2.8 m (spring tides)

within the adjacent estuariféath 1976) (the tidal range on the open coast was as

high as 3.1 m during theeriod of the experiment).

Simultaneous time series of pressure and velocity were recorded using three
Acoustic Doppler Velocimeters (ADVS) in the intertidal region and an Acoustic
Doppler Current Profiler (ADCP) offshore in about 17 m water defpifju(e 4.1

shows the location of the instruments). Two of the ADVs were deployed along a
crossshore transect extending over 50 mMiwalnn ADV, X = 220 m ad
NiwaOut ADV, X = 270 m, whereX is the crosshore coordinate of the grid
defined for this study) and collected data at 8 Hz. The acoustic sensors were

pointed downward and measured velocity at ~0.05 m above the bed. The third
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ADV (UoWADV) was mounted tathe same crosshore location oNiwaOutbut

50 m farther in the alongshore (northward) directformnd measured at a sample
rate of 4 Hz. However, the probe was upward looking and measured orbital
velocity at ~0.95 m above the bed. All three instrurmertdllected 2min-long

time series every hadnhour, over three partial tidal cycles (when the sensors
were submerged). After a quality control (followiktgar et al, 2005) to remove

bad time series or individual data points (i.e. those recorded when any of the
sensors was in too shallow or out of the water) a total of 38, 47 and 36
simultaneous time series of pressure and velocity remainétiviainn, NiwaOut

and UoW ADV, respectively. The measurements spanned s distances
from t he Xsfrono50enlhr 0.5 mpppo 184 mh(= 2.60 m). The ADCP
collected hourly, 20nin-long, simultaneous time series of néattom pressure

and neassurface velocity. Theneasurements were taken at 2 Hz and spanned the
entire period when the ADVs were deployed. In addition, time series of
(nearshore) mean water levelwere collected every 5 min by averagingnih-

long pressure records, obtained at 4 Hz using a Data Lagdjecated on the

frame used to depldyoWADV.

The morphology of the intertidal region of the beach was surveyed using a Real
Time Kinematic (RTK) GPS. The GPS receiver was installed on a Quad bike that
travelled over the beach around low tide, yieldiiemse coverage of the intertidal
morphology. Analysis of an overlapping area surveyed on the two different days
that included the position of the ADVs suggests that intertidal morphology
changes were minimal (typically smaller than 0.03 m). A local grid @efined

by translating and rotating the coordinate system of the survey, so as to have the
origin at the location of a bench mark on the beach, and-shass coordinatex

parallel to the line formed bWiwalnn and NiwaOut ADVs and increasing

offshore(seeFigure4.1b).
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Figure4.1. (a) Field site location with positions chmeras and ADCP indicated by black circle and the triangle respectively. White circles with black crosses show
locations of bench marks (also shown on panel (b)). Bathymetry was digitized and interpolated from the New ZealandhdaiubiZai421. (b) Meaic composed

by 20-min time-exposure (averaged) images obtained using two cameras on 09 November at 15:40 (DST), rectified to a plan view. Brigitateaasgjions of
preferred wave breaking. White Squares and dashed lines show locations where &B\gployed and time stacks were defined respectively. Contour lines show
intertidal bathymetry measured with the RTK with white line highlighting the beach contour corresponding to the highesttendewvel (measured at location of

UoWADV) under whid waves were measuredandy are the crosshore and alongshore coordinates of the local grid defined for this study.
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Figure4.2. Beach profile averaged over the region where the three ADVs were deployed
(seeFigure 4.1b). Crossshore positions oNiwalnn ADV (X=220 m) andNiwaOut and

UoW ADVs (X=270 m) are shown by the white squares. Horizontal lines show the
shallowest and deepest mean water levels (measured at locatioMoADV) at which

waves were measured in the surfzone. Vertical arrows point to the mean positioh of eac
swash run with their length corresponding to the respective value of (alongshore
averagedRs Black and gray arrows are associated with data obtained on day 08 and 09
respectively. Horizontal bars at the top of lowermost and uppermost arrows highéight t
crossshore extension of the swadR,{.+20g) for these two time series.

High-resolution images of the beach (1528 x 2016 pixels) were collected
continuously at 2 Hz during daylight hours. The images were acquired using two
digital cameras, mounted tite southern end of the beadkgure 4.1a) at about

95 m above mean sea level. The combined field of view of the cameras spanned
most of the subaerial beach and the surfzbigure4.1b stows a mosaic created
using timeaveraged images defined from both cameras, rectified to a planview

using known geometric transformations.

Swash oscillations were measured at two alongshore locations on the beach using
the video images. Two crastiore lins (Niwa and UoW lines) were defined on

the images at the alongshore locations where the respective ADVs were deployed,
as shown irFigure4.1b (convesions between pixel and ground coordinates were
made using the colinearity equations describedHbjtand et al. (1997) with
corrections for lens distortions). Time stacks with cisissre pixel resolution of

~0.2 m were defined over these lines by inbéapng the intensities on each
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selected image frame at the locations of these two linesA@gsard and Holm
(1989) andGuedes et al(2011) for more detailed description of the technique).
The period selected for creating the time stacks included thiglatahours when

the ADVs were collecting data, and resulted in 32p80-long, 2Hz time stacks
defined over each line (e.dg=igure 4.3b). The svash was defined as the most
shoreward movingdge of water identifiable on the time stacks (Seere4.3b)

and was manually digitized. This defioiti has been shown Ii{olman and Guza
(1984) andHolland et al. (1995) to be consistent with swash measurements
obtained using resistance wires deployed near the seabed. Finally, the digitized
swash positions from the time stacks were converted into time series of vertical
runup elevation by mapping each cres®re swash ition to an elevatiorz,

which was accurately know from the (interpolated) RTK survey. The gentle slope
of the beach resulted in high vertical pixel resolution over the intertidal region

(~0.003 m).

The crossshore wave breaking structure was defined singithe probability of
wave breakindP,(x) which can be extracted from video images. The method was
modified fromGuedes et al2011) who used time stacks to approxinfai€x) as

the probability of pixel intensity being greater than a threshold atarsgshore
location Here, individual breaking waves were identified by taking the gradient
of the pixel intensities in the time stacks over tipéut , and locating sequences

of positive followed by negative intensity gradients thatdgfty characterized a
broken wave. The result was an estimate of the number of breaking Ng{r@s

The probability of breakind,(X) was calculated by dividiniyl,.(X) by the total
number of individual wave crests observed during the same periodsmnwkler
depth, which was defined from the ADCP pressure series as the length of the time
series divided by the mean spectral perfeidure4.3c shows examples &(x)
obtained from theNiwa time stack near low, mid and high tide. Though this
technigue does not account for nonlinear interactions such as harmonic

decomposition (e.gElgar et al, 1997) which potentially increased the number of

91



individual waves in the shoreward direction (see Sectiom3}4.Bn(X) was
consistent with the patterns visually observed from the time stacks (see

Figure4.3).
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Figure 4.3. (a) Mosaics composed by -P@in variance images obtained using the two
cameras deployed at Ngarunui Beach, rectified to plan views using known geometric
transformations. Contour lineshow intertidal bathymetry measured with the RTK.
Horizontal dashed lines show one of the two locations where time stacks were defined
(Niwa line). Inner and outer squares show positiondNivfalnn and NiwaOut ADVs
respectively. White circles with crosses show two of the bench marks on the beach. (b)
Time stacks created over the crsb®re location highlighted by the dashed line in (a).
Black solid lines show digitized swash locations, when available. (c)aPBititp of
breakingPyax €Stimated from the time stacks in (b), as a function of e3lbsse position.
Vertical dashed lines in (b) and (c) highlight the creissre positions of the two ADVs
shown in (a). Left, mid and right panels are associated waité obtained near low tide
(08 November, 17:10j = -1.54 m), mid tide (08 November, 14:4= -0.08 m), and
high tide (08 November, 11:46~= 1.51 m) (times are in DST).
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4.3.2 Analysis

The hydrodynamic data were analyzed in the frequency domain using spectral
analysis. Runup and pressure surfzone spectra with frequency resalutbn
0.0039 Hz were estimated from Fourier transforms of the time series, segmented
into 256 s, 75% overlapping sections, that were linearly detrended and tapered
with a Hanning windw. Offshore spectra with the same frequency resolution
were estimated from the velocity time series collected by the ADCP at three
different depth cells located just below the sea surface (spectra from the three cells
were averaged). Linear wave theoryswesed to convert the pressure (ADVs) and

velocity data (ADCP) into sea surface elevation.

Energy fluxes and nonlinear energy transfers were calculated by evaluating
Equations (4.3)X4.8) with the simultaneous time serieswénd p collected by

each ADV.A Lanczos filter was used to bapdssu andp to calculate time series

of M andS in (4.4) and (4.5). Time series @ly/uxwere estimated in (4.8) by
(central) finitedifferencingp to evaluatgs/ut, and approximatingnh/uxb y -0 fi

the local slope at the location of each ADV (although in the text we refer to the
absolute value of beach slope, the frame of reference implies that the slope in fact
is negative). The cepectrumC; (a, b) in (4.3), (4.6) and () was estimated

using the same parameter setting as for the spectrum.

Bicoherences and biphases were calculated from the ADVs as (4.10) and (4.11),
after removing seaward propagating infragravity waves from the data, following
Elgar and Guza(1985) and Sheremet et al.(2002). Seaward propagating
infragravity waves are free and mix the phase structure between shoreward
propagating infragravity waves at equivalent frequencies andveela waves.

The separation was performed by decomposing the data intacsugfevation

time series of shoreward propagatidgand seaward propagatinfj waves as

(Guza et al.1984;Sheremet et g12002)
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h :%(p° u\/h/_g), (4.13)

high-passingd” to remove outgoing infragravity waves and adding back the two
components. The bispectra estimated from these data had the same frequency
resolution andoF as the autoand crossspectra calculated using the ADV data.

The relatively short time length dfie¢ time series was compensated by averaging

bicoherence and biphase over several frequency pairs (see Section 4.4.3).

4.4 Results
4.4.1 Observations

Offshore semswell waves in 17 m water depth were mild during the field
experiment and decreased in energy from tist fo the second day. Offshore
significant wave heighitly decreased from about 1.3 to 1.0 m from the first to the

third tidal cycle, wherél, was defined using the ADCP spectra as
Ho =248 e, (1§ (4.14)
g "05Hz -
with E4( f ) denoting the energy density and the term inside the parenthesis
representing the variance associated with the defined frequency band. Peak period
Tp, calculated as the inverse of the peak frequen&y(ifi), decreased from about
12 to 10 s during theame period (seeigure4.4a). Offshore peak wave direction

Dp, determined from the ADCP, was roughly constant neat @Y.

The beach morphology was relatively alongsHawenogeneous over the intertidal
region wherette ADVs were deployed. The three instruments were placed near
the center of the embayment of a megap with wavelength about 800 m
(Figure 4.1b), where the intertidal crosshore profile was concave upward
(Figure 4.2). The local slope tdnincreased by a factor of 4 from 0.008 at the
lowermost © 0.032 at the uppermost location where swash was measurbd (tan

was ~0.01 at the location of the ADVs) and no sandbar was observed over the
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intertidal region. The Iribarren numbay (4.1), calculated using the local slope at

the mean swash location farand linear wave theory to estimatg, was
characteristic of highly dissipative conditions, with small values changing by a
factor of 4 (following tab) from low tide gy ~ 0.1) to high tideg ~ 0.4). A NE
directed (% Y -Y) alongshore current, calculdte by averaging the
velocity recordsV, was present, and increased in magnitude from negligible
values at high tide (when the instruments were outside the surfzone) to akbout 0.4
0.5 m/s near the shallowest locations. A seaward compon&himMas observed,
especially for measurements frddiwalnn and NiwaOut ADVs, and was likely
caused by the presence of a rip channel that extended diagonally through the
beach, from [X,Y] ~ [150, 500] m passing seaward of the outer ADVs (Figures
4.1b and 4.3a The channel acted as a trough around-tidiel, separating an outer
breaking region seaward #f~ 350 m from an inner breaking region, where the
waves broke continuously until they reached the swash Zoger€4.3; see also
Figure4.5). In contrast, at high tide the outer breaking region wasdeep and
breaking occurred mostly over the inner surfzone, shoreward of the channel, and
near low tide the channel was shallow enough to be within the inner breaking

region.

Figure 4.4 shows an overview of the wave conditions offshore, in the surf and
swash zones during the experiment. Most of the energy in 17 m water depth was
within sea swell frequenciesFigure 4.4a), with little energy (typically
corresponding to less than 5% of the total wave varlﬂﬁ}g@,) observed at
infragravity frequencies (se@gure 4.4e). Consistent with previous observations
(e.g.,0Okihiro and Guzal995;Thomson et al2006), offshore infragravity energy

was somewhat dially-modulated Figure 4.4e, open circles), with the variance
integrated over infragravity frequenciﬁélADcp significantly correlatd with the

tide d, with r> = 0.23 (hereinafter, correlation coefficiemtsre significant with p

value <0.05). In contrast to the waves in 17 m water depth, most of the swash

energy was constrained within infragravity frequencies, with peaks between 0.01
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Figure4.4. (a d) Logarithm of energy densitiy asa function of frequency and time,

with white circles showing the peak frequency for each data run. (a) Offshobtained

from the ADCP, with solid line (right axis) showing the mean local water dept.
SurfzoneEy obtained from the (bNiwaOut and (c) Niwalnn ADVs, with solid and
dashed (black) lines (right axes) showing the mean local water dgpib.:and hyiwainn
respectively. (d) Swashy calculated from the (video) runup time series, obtained over
the alongshore location of NiwaOut andwdinn ADVs, with solid and shoedashed
l'ines (right axi s Xs frenhtbese twg ADVshte thedshadlimen c e
respectively. Horizontal white dashed line in panel((§)highlight the frequency used

to separate incident and infragravity ban@y. Time series of wave variance integrated
over incident (solid markers) and infragravity (open markers) bands, obtained from:
ADCP (circles) NiwaOutADV (triangles) and video runup data (squares) (incident runup
variances ranged between <1nd 10° m? and are not shown here). Colors represent the
mean water depth at the locationNifvaOutADV.
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and 0.02 Hz Kigure 4.4d), near the infragravity wave peaks observed offshore.
The infragravity runup variancsezgR was nearly 2 orders of magnitude larger than
the seaswell runup varianceéSR, accounting on average to 96% of the total
swash varianceé (similar to observations under highly energetic offshore wave
conditions). Moreover, the infragravity swash variance decreased from the first to
the second day andas also modulated by the tide, V\Btfg,Rincreasing by an

order of magnitude from low to high tide within each tidal cyEligyre4.4e).

Similarly to the waves in 17 m water depth, most of the wave energy in the
surfzone was within sea swell frequencies (Figures 4.4b, 4.4c and 4.4e). The
variances integrated over both mllséSAD\, and infragravity frequencies
sé’ADV decreased from the deepest to the shallowest locations (and from the first
to the third tidal cycle). However, the sgaell waves experienced greater
dissipation, which resulted H@,ADV accounting for an increasing artion of

the total wave variancy, from the deepesh(- 2.60 mS? .o, /S 7oy ~ 0.05) to

the shallowest location& ¢ 0.55 msé,ADV /Sf\DV ~ 0.40). Over the inner surfzone
region betweelNiwalnn ADV and the upper bourdy of the swash zone, the sea
swell waves were nearly completely dissipated, as evidenced by the strong

infragravity dominance observed in the runup spectra.

4.4.2 Linear energy fluxes

The linear component of the wave energy flux was predominantly shoreward
throughout the surfzone (compare Figures 4.5a and 4.5b). The shoreward
propagating linear energy flix (f)integrated over seswell frequencieds, g,
accounted for roughly 989% of the (total) sea swell energy filf ss* F's9) ,
consistent with the nearly total ssaell dissipation observed in the runup
spectra. At infragravity frequencies, the contribution of the (linear) shoreward
component_,, ranged from 90% when the ADVs were farthdstm the

shoreline to 70% when they were closest, as a result of the shoreward infragravity
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dissipation. The dissipation bf (f)was clearly accelerated within the breaking

region for both sea swell and infragravity frequenciegure4.5c).

In contrast td~ (f), which mimicked the surfzone spectrum (compare Figures
4.4b and 4.5a), the seaward propagating linear erfeng¥, (f)was dominated

by infragravity frequenciesF{gure 4.5b) and strongly resembled the patterns
observed in the runup spectrum ($égure4.4d). The infragravity component of
the seaward propagating fIE{lg accounted on average for 74% of the outgoing
linear energy flux, and increased by more than a factor of 4 from low to high tide
within each tidal cycle (not shown), consist with the infragravity modulation
observed offshore I%:lg was significantly correlated with the tidallgodulated
beach slope at the mean swash locatiob teh= 0.44, whereas its correlation

with the tide itself was lower, wittf = 0.32).
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Figure4.5. Logarithm of (a) shoreward propagatir) (and (b) seaward propagatirfg')
components of the linear energy flux as a function of frequérf®ft axis) and time.
Horizontal dashed ligs highlight the frequency used to separate incident and infragravity
bands. (c) Probability of breakir®..ac as a function of crosshore positiorX (left axis)

and time. White dashed lines indicate crslsere positions oNiwaOut (270 m) and
Niwalnn (220 m) ADVs. Crosshore positions shoreward of the mean swash locations

have been blanked. In all panels, gray solid lines (right axes) represent tidg level
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Figure 4.6. Reflection coefficientR? of partitioned infragravity bands, shown by the
colors, as a function of (a) Iribarren numtsgr(Equation 4.1) and (b) normalized bed
slope parametds, (Equation 4.16). Data for each frequency band have been grouped in
panel (a) by 0.02 intervals, wih the circles and bars representing the average and

standard deviation associated with each group for the three infragravity bands.

Most of the infragravity energy observed in both the runup and outgoing energy
flux spectra were within very low infragrayifrequencies (< 0.02 Hz). In order to
investigate the infragravity behavior in detail, the infragravity band was further
divided into three frequency bantty (0.004 <f < 0.025 Hz),Ig, (0.025 <f <

0.035 Hz) andgs (0.035 <f < 0.05 Hz), and bulk redttion coefficients> were
calculated asHlgar et al, 1994;Sheremet et g12002)

F(f)df

R? = (4.15)

bf
If
DU
0 F.(f)df
wherelf and hf represent the low and high frequency cutoff for each of these
bands Figure4.6a showsR? calculated for the three bands plotted as a function of
the Iribarren numbesy. For the three infragravity band® was smallethan one,
consistent with shoreward dissipation of the linear infragravity energy flux, and
increased withsy (which changed mostly due to tidalduced changes in tn
However, the dissipation was clearly greater gy and Igs, with the bulk
reflection coefficientR? typically a factor of B4 larger for the lowest frequency

99



bandlg,. RZ was around 0.05 for botly, andlgs for 3y < ~0.3, suggesting almost
complete dissipation for these infragravity bands, although an incre&8ewias
observed for higheeyn. A good parameterization fd® was obtained using a
normalized bed slope parameta proposed byBattjes et al (2004), which

accounts for changes in water depth within a wavelength as

b, =D |9 (4.16)
w\ H(W)

wherehyi s a Ochar act er i sisthecradianvfedqueney2emd bed sl op
H(¥) is the height of waves with radian frequengy Here, hy has been

approximated by the slope at the mean swash locatidm tawas takeras the

central radian frequency of each infragravity band, H(d) was calculated as

(4.14) by replacindeq( f) by the energy density associated with incoming waves,

F (f)/\/a], and setting the limits of integration foandhf. The bulkreflection

coefficient R was strongly linearly correlated withy (Figure 4.6b) with r? =

0.78.

4.4.3 Nonlinear energy fluxes and energy transfers

The netenergy fluxF( f) at infragravity frequencies was dominated by its linear
componentF ( f ) (Figures 4.7&d). However, the nonlinear termSy( f )
increasingly contributed t&( f ) from the breaking to the shoaling regions and
from the first to the third tidal cycle (when the offshore wave energy was
decreasing), specially for the lowest frequency bgadFigure4.7d). In contrast

to F.( f), Fau( f) was mostly seawardirected (positive values), except for the
shallowest locationsHgure 4.7b), and its increasing contribution near ifidyh

tide resulted in seaward net flux for some frequencieB(if ) that were not
observed irF ( f) (compare Figures 4.7a and 4.7c). SimilaFtg( f ), the wave
energy transferW( f ) was positive during midigh tide at infragravity

frequencies Kigure 4.7e), indicating energy transfer to infragravity waves from
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waves at other frequencies. At the shallowest locations within each tidal cycle,
when the ADVs were well within the surfzone (déigure 4.5c), W( f ) was
typically negative at infragravity frequencies, consistent with nonlinear energy

transfer from infragravity waves.
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Figure4.7. Net wave energy flux components and wave energy transfer as a function of
frequencyf and time. (a) Linear component of the net wave energyHlukb) Nonlinear
component of the net wave energy fley at infragravity frequencies. (c) Total net wave
energy fluxF at infragravity frequencies. Positive and negative valuesaimelg (&c)
indicate seaward and shoreward net fluxes respectively. (d) Contribution of the nonlinear
component to net wave energy flux at infragravity frequencies. White dashed lines
delimit shoaling and breaking regions within each tidal cycle (defieesl d&s those where
Pgreak< 0.05 andPgea> 0.05, respectively). (e) Energy transféto (positive values) and

from (negative values) waves with frequerfcyContours highlight transitions between
positive and negative values. In all panels, data fbnaOutADV are shown, and gray

solid lines (right axes) represent mean local water d&gtkbue
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The crossshore structure df( f) andW( f ) was investigated by integrating over

the infragravity band (followingdenderson et al.2006):

Fo =0 F()df, Wy =7 W(f)df, (4.17)
and plotting against the tidalimwo du | at ed, mean distXance
(Figure 4.8). The dserved net energy flux integrated over infragravity
frequenciesFy typically diverged (increased seaward) when the ADVs were
offshore of the inner surfzone, indicating a net energy gain (blue region), and
converged when the ADVs were inside the surfzamicating a net energy loss
(red region). The crosshore region of energy gain extended closer and closer to
the shoreline from the firsF{gure 4.8a) to the third tidal cycleRigure 4.8c) as
the offshore wave energy decreased and the surfzone became narrower. In
addition,Fg( M) was normally higher during ebb tide (triangles) compared to the
data obtained during flood tidgeircles) within a given tidal cycle. The total
nonlinear energy transfer to infragravity wawyg was always positive over the
crossshore regions where infragravity gain was observed, consistent with
observations oHenderson et a2006). On the othrehand, positive values afgq
were also observed over regions of infragravity dissipation Feggre4.8a, 130
m <Xs <pl65 m), suggesting a dig@ement with the theoretical wave energy

balance in (4.2).

The energy balance in Equation (4.2) was evaluated by calculatingstiargs
changes in the (infragravity) net energy flux between simultaneous time series
from NiwaOut and Niwalnn A DV s Fig = ®ig Niwaout = FigNiwainn @nd plotting
against the nonlinear energy transfer to infragravity frequencies, integrated over

the two ADVs

VVI!I;NT - rj(NmomVVlg dx, (4.18)

Nwalnn
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Figure4.8. Net wave energy flux (top panels, left axes) and wave energy transfer (bottom
panels, right axes) integrated over infragravity frequenéigsaGdW,g, respectively), as

a function of di st dsnRamet (4 ) arenasdodiated with brst,e | | n e
second and third tidal cycles respectively. Notice the different scatgsfon panel (a).
Circles and triangles show data obtained during flood and ebb tide. Black and white
markers in panels (a and c) indicdtéwaOut ADV shoreward and seaward of the
breakpoint position respectively (breakpoint positions are unknown during the second
tidal cycle shown in panel (b), which occurred during night time). Gray markers in panel
(a) indicateNiwaOut ADV seaward of inner breaky region but with a few set waves
breaking offshore at outer breaking region (&igure 4.3b, right panel). Red and blue
patches highlight crosshore region where infragravity los&{ increasing shoreward)

and infragravity gainK, increasing seawards) were observed. Data fionaOutADV

are shown.
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Figure4.9. Change in total infragravity enerdyl uPFy beteenNiwaOutandNiwalnn
ADVs as a function of nonlinear transfer to (positive values) and from (negative values)
infragravity motionsW,,"\". Circles, asterisks and triangles are associated with data
obtained during first, second and thirdia cycle respectively. Colors indicate the
di st ance fr oM Solidand speromaekérs (cireles gnd triangles) indicate
NiwalnnADV shoreward and seaward of the breakpoint position respectively (breakpoint
positions are unknown during the ead tidal cycle (asterisks), which occurred during

night time). Dashed line indicates agreement with the conservative energy balance.

with dx representing the croshore distance between the two instruments and

W, "evaluated using thearpezoi dal rul &g andWeweebserved q
significantly correlated (se€igure 4.9) with r?> = 0.65. Positive and negative

values for both energy transfer and changes in energy flux typically occurred

when the inner ADV was outside (open circles and triangles) and inside the
breaking region (solid circledganthd triangl
W,'" did not balance (the slope of their linear regression line was 3.4), in

disagreement with observations ldénderson et al(2006) on a steeper barred

beach under predominantly low energy conditions.

The bispectra observations showed consistent evidence of nonlinear energy
transfers across the shoaling and breaking regions involving swell and harmonic
frequencies. Figures 4.10a and 4.10d show example beatesb(f;, f;) and

bi p h afgfg salcdafed fromNiwaOutADV on 08 November at 22:40 DST,

near high tide. Within the sesavell band, strong bicoherence ¥ 0.7) can be
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observed involving the incident wave peigkf, ~ 0.085 Hz) with itself and its
higher harmonicsf{ = nf;, wheren is a positive integer), indicating nonlinear
coupling between wave triads with frequenciaf, [f,, nf,+f;] (Figure4.10a). The
pattern was repeated for the two higher harmonics as well (note the bicoherence
peaks extending ovés ~ 0.17 Hz and, ~ 0.26 Hz) and were similar to previous
bispectra observations in shallow water (€lgar and Guza 1985;Sénéchal et

al., 2002). The biphases associated with these nonlinear interactions typically
ranged between 070° (e.g., Figure 4.10b) suggesting waves with shapes
changing from skewed (sharp peak and wide trough) to asymmetric (steep front
face and gentle back face) forms, respectively Egar and Guza1985). The
cross-shore evolution of bicoherences and biphases involving the incidenfgpeak
and its harmonics was examined by averaging, for each bispediffyiz) and

(t he mo dfy k)weer tlefadea higklighted by the dark gray trapezium in

Figures 4.10alf;) and 4.10b \@) which extended fromf{, f,] = [0.05i 0.4,
0.040. 09] Hz ( f,H)ewere avprageadsoslysoved gairs for whiaffy,
f2) > bgse, IN Order to avoid the random values normally associatiéd wave

triads with norsignificant bicoherences). Figures 4.10c and 4.10d shgand
‘@ calculated fromNiwaOutADV, as a function of the distance from the mean

shor el i nes The ooalingarocaupliqy of seavall wave triads clearly

decreased from the deepest locations outside of the surfbggle 0.5) towards

the shallowest locations within the inner surfzone regi@f 0.25), and was

followed by a systematic evolutidrom skewed to highly asymmetric shapes.

Significant bicoherence peaks involving infragravity modes were also observed in
the bispectraKigure4.10a). The nonlinear coupling took place not only between
infragravity waves with frequendy and modes close to the incident péak f,

(and their sum), but also for modisat higher frequecies, within the range of
higher harmonics. Similar tdgsand‘dz‘, average bicoherendesand biphases

‘CTQ‘ involving (at least) one infragravity mode were calculated for each
bispectrum, by averagini(fi, f,) a riy df;) avdr [y, o] = [0.004 0.5, 0.004

0.05] Hz (light gray area in Figures 4.10a and 4.10b). The infragravity
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Figure4.10. Example (a) bicoherend¥f,, f;) , and ( Ify,)y), dalcuptecafiore a d (

time series obtained hyiwaOutADV at 22:40 (DST), during the second tidal cycle near
high tide. Values associated with frequency pairs whersignificant bicoherence (at the

95% confidence level) was observed have been blanked. (c) Bicoherences and (d) the
modulus of biphases, averaged over the dark gray area on panels (a and b) to include
frequency pairs involving coupling between-s&zll (and highetffrequency) modes, as a

di st a Xg (e) Bicaheremcest amce (f) théh modwdus ofn e

biphases, averaged over the light gray area on panels (a and b) to include frequency pairs

functi on of

®
involving coupling between infragravity (aridgherfrequency) modes, as a function of

di st ance f r oHs Cirdies, astehisksramdltriangles agp associated with data
obtained during first, second and third tidal cycle respectively. Black and white markers
in panels (&f) indicateNiwaOutADV shoreward and seaward of the breakpoint position
respectively (breakpoint positions are unknown during the second tidal cycle which
occurred during night time). Gray markers in panéf)(mdicateNiwaOutADV seaward

of inner breaking region but with few set waves breaking offshore at outer breaking
region (e.gFigure4.3b, right panel). Biphases were averaged only over frequency pairs
with bicoherence significantly different than zero (at the 95% confidence level). Data

from NiwaOutADV are shown.
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bicoherence@ showed a consistent creslore behavior over the three tidal
cycles with values sharply decreasing shorewarth@svaves started to break,
and slightly increasing again at very shallow watégire 4.10e). On the other
hand, the infragravity biphas{d_ﬁ ‘ steadily decreased from ~150°het 2.6 m to

near 50° at the shallowest locations arobsd0.6 m Eigure4.10f).

4.5 Discussion
45.1 Swash motias

The energy density in the swash was consistent with changes to infragravity
energy fluxes betweeNiwaOutand Niwalnn ADVs. We predicted infragravity
energy fluxes within the swash zoRg( f ) by linea¥fitting the net energy fluxes
simultaneously observed from the two ADVs (for each infragravity frequency
component), and extrapolating the lines to a esb&se position where the water
depthhsyasnwas representative of that in the swashez(aefined here as 0.05 m).

Predicted runup energy density,( f ) was then defined as

Fo (1)

Ed,p(f)=m

and compared with the energy dendsy f ) directly estimated from the runup

(4.19)

time series.Figure 4.11 shows time series of infragravity variances integrated

from Eq4( f), as well as frontg o f) estimated using the line&i( f) (a) and the

total F( f) net energy fluxes (b). Measured (Black lines) and predicted (gray lines)
runup variances were similar,btwhghh t he i
t i d e b) gepdradlynwell described. However, best results were obtained using

F(f), which included the nonlinear energy flux terrrgg(ire4.11b). Though one

may argue that the value chosen Fgpasnis somewhat arbitrary, theasance

derived from the linear net fluk ( f ) differed from the measured runup variance

between the two day§igure4.11a), wherea&( f) yieldedmore similar temporal

changes for predicted and measured runup variances (which were significantly
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Figure4.11. Time series of swash variance at infragravity frequencies (black lines with
circles) and wave variance at infragravity frequencies extrapolated at the shoreline (gray
lines with circles) using (a) the linear component of the net wave energly fland(b)

the total net wave energy flux betweenNiwaOut and Niwalnn ADVs. Extrapolated
energy fluxes were converted to energy density using linear wave theory and assuming

water depth of 0.05 m (the same depth at whichrtrendF were extrapolated at).

correlated,r? = 0.79), for anyhswashchosen. This is consistent with the observed
changes in the relative contribution of the nonlinear energyRjukf ) from the

first to the second dayigure4.7d) and support the conclusion idenderson et

al. (2006) that neglect of nonlinear infragravity energy fluxes might be a poor

approximation.

Our observations suggest that-segll and most notably infragravity saturation

may also occur under relatively mild offshore wave conditions if the beach slope

near the shoreline is sufficiently gentle. The swash energy ddagify) (on a

log-log scaé) decayed with frequency at the (negligible)seall band at a linear

rate of aboutf* (Figure 4.12a), and its temporal variability was very sinal

compared to that observed at infragravity frequendiggu(e 4.12b), supporting

the hypothesis of incident swash saturation. Howeverfthér o F F & cl ear |y
extended into the highest infragravity bdgd as well Figure4.12a), suggesting

saturation also for this band. The saturation is isterst with the very low
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reflection coefficients$? (typically < 0.05) found fotgs, and also fotg, whenay

< ~0.3 Figure4.6a) and agrees with previous observation under highly energetic
offshore wave conditions (e.qRuessink et al.1998; Ruggiero et al. 2004;
Sénéchal et al.2011). However, such conditions ditbt occur during our
observations, suggesting that the saturation within the infragravity band was
controlled by the very gentle slope near the shoreline. NoteRfhdid tend to
increase for the three infragravity frequency bands with the Iribarren emagmb
(Figure 4.6a), which changed mostly due to changes in the beach slope at the
mean swash location @anOur findings support the hypothesisRifessink et al.
(1998) in which infragravity saturation might be associated gyt he increase

in R? for 3 > ~0.3 observed for the two highest infragravity bands (espetig)ly

is remarkably similar to the value aef = 0.27 suggested by the authossthe

threshold below which infragravity saturation occurs.

—
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Figure4.12. (a) Average of swash energy densiy the first day (black thin solid line),

second day (gray thin solid line) and over the entire period (black thick solid line) plotted
on a loglog scale as a function of frequenicyBlack dashed line shows the best fit of the
saturated (linear on thed-log scale) band of the swash spectra (calculated between 0.03
Hz <f < 0.3 Hz). (b) Variancé’ of swash energy density as a functiorf oh a log scale

(line styles are associated with the same periods defined fov@j}jcal gray dashed
lines delmit the frequency regions corresponding to thesseall and the 3 infragravity

bands adopted in this study. Data have been averaged alongshore.
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4.5.2 Nonlinear infragravity energy fluxes contributions

The nonlinear component of the net energy fux( f ) wasobserved to have a
greater contribution to the net energy flekf ) outside of the breaking region
(seeFigure 4.7). Within the surfzone, the bulk infragravity net energy fkix
(linear + nonlinear components) was very similar to its linear compdhggt
suggesting that the nonlinear component coelahéglected in very shallow water

on lowsloping dissipative beaches. This is in contrast to observations of
Henderson et al(2006) near the shore on an intermediate beach (Duck), where
Fniig Was found to be important. The contrasting patterns might tesudt of
contrasting morphologic and hydrodynamic conditions. Their observations took
place on a steeper barred beach (their nearshore slope was about 0.07, see their
Figure 1), with significant wave heights iAn8 depth between 0.32.2 m, so that
nonbreaking conditions potentially occurred within the region near the shore (in

contrast to our observations).

4.5.3 Forcedwaves

The bispectral observations suggest that significant nonlinear energy transfer took
place between incident swell waves and their harosopetween 2i®.6 m water

depth (Figures 4.10d). The patterns are somewhat similar to field observations
described b¥lgar and Guzg1985) betweeih = 9i 1 m, in which shoaling of sea
swell waves caused the wave shape to change from skewed to asynfoneisic

as a result of continuous energy transfer to plasgeled waves at harmonic
frequencies, and changes in the phase structure among the nonlinearly coupled
waves. Field observations have shown that the harmonics can eventually be
released as they gagate over a sandbar, resulting in an increasing number of
individual wave crests shoreward of the sandbar crest Eégar et al, 1997;
Masselink 1998; Sénéchal et gl.2002; Guedes et al.2011). We observed a

similar shoreward increase in the numbgindividual wave crests, even for a
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Figure4.13. (a) Frequency of wave crests estimated as the number of wave maxima per
minute, (b) Infragravity bicoherenﬁg (see Figure 4.10) and (c) groupiness fa@Bbt as

a functionofthecross hor e di stance from XhSelidtiimessm shor el
panel (@) arebefti t | i nes calcul ated fr oXgrldlamha shor e
Solid curves in panels (land (c) are secordkgree polynomials fitted to the data. Data

from NiwaOutADV are shown.

more complex bathymetry lacking a wekfined sandbafFigure4.13a shows the

number of individual wave crests per mintdrs; estimated fronNiwaOutADV

using a modified version of the zetoossing method (séguedes et al2011), as

a function of the cross hor e di st ance XsfMlermequehcg ofshor el
observed individual wave credtses;increased by a factor of 2 from the farthest

to the shallowest locations, with the rate of change in the shoreward direction
getting hi ¥sh&lOmé+ 1.2ar). dhe harnpnic release @so be

observed in the time stacks as the divergence of an individual wave into two wave
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crests, which propagate towards the shoreline with different wave speeds (not
shown), and might be associated with the shoreward decrease in the nonlinear

coupling nvolving seaswell and harmonic waves observedrigure4.10c.

The crossshore evolution of infragravity waves observed within the surfzone in
very shallow water is a shoreward continuation of the progressive evolution that
has been observed in deeper watetElyar and Guza1985). The infragravity
biphases observed around 2.5 m water depth are close to the biphake af
bound wave produced byffgérence interactions, and their crestsore evolution
agrees with field (e.gklgar and Guza1985;Masselink 1995) and laboratory
observations (e.gJanssen et al.2003;Battjes et al. 2004) of increasing phase
lag among interacting frequencies afutced bound waves in the shoreward
direction. In fact,Elgar and Guza(1985) observed biphases for selected triads
involving infragravity modes to decrease from about 170° to 140hR fartween

6.0 and 2.0 m (see their Figure 12). Their shorewaodt olservations were at
similar depths and had similar biphases to our seamast observations
(Figure4.10f) suggesting that the phase shift progredgiesolves towards very
shallow water. This evolution is consistent with laboratory observationsirof
Dongeren et al(2007), in which short waves propagating around the long wave
crest in very shallow water converged on the crest as a result of long wave

induced changes in local depth and currents.

The breaking of waves at sea swell frequencies affected the evolutiaves$ at
infragravity frequencies. Nonlinear wave coupling involving infragravity waves
was clearly reduced as the short waves started to braglré¢ 4.10e), and
followed by a shoreward decrease in both the infragravity net energy flux and
nonlinear wave energy transfer to infragravity waves (Figures4®Y. These
observations are consistent with the abrupt decrease of nonlinear forcing within
the surfzone, and agree with observations reported in previous studies (e.g.,

Ruessink 1998a; 1998bHenderson and Bower2002; Sheremet et 3l.2002).
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Figures 4.13b and 4.13c show respectively the averaged infragravity bicoherences
@(DXS) andgroupiness factoGF( ¥s), a relative measure of wave groupiness
proposed byList (1991) and calculated from the ADV pressure time series.
GF X» decreased i n the Xs>hlaO ne wsathedwavds r ect i
started to break, which is possibly asat&il with the reduction in the infragravity
coupling @(DXS) and nonlinear energy transfé¥y observed over the same
region (see Figures 4.8 and 4.10). On the other hand, the (surfzone) region where
gXs < 110 m, where the rate that harmonwsre released increased (see the
fcres{ ¥3) slope change irFigure 4.13a), experienced a shoreward increasing
trend for bothGF( X®) and?g(DXS). The surfzone wave groupiness observed
here is also consistent withist (1991) who found significant wa height
variability to persist within the saturated surfzone. Although the change in the
slope offcres{ ¥3) ath ~ 1.2 m is not understood, we hypothesize that difference
interactions among free waves at higher harmonic frequencies might have
occurredwithin the surfzoneFigure 4.14a shows the nonlinear energy transfer
W(f,+f,, f1) to (positive) and from (negative values) infragravity waves with
frequencyf, by triplets with frequencie$,, f,, andf;+f,, calculated (following

Henderson et al2006) as

W(f + f5, f)) =hCq ¢, ¢ (WU /) +Cy g ¢ (B4, 0/ PX) 4.20

where G+, n denotes the ebispectrum Significant nonlinear energy transfers
can be observed for triads involving an infragravity and two harmonic waves
(region between dashed lines), in contrast to observatiohtemderson et al.
(2006) on a steeper barred beach, where most transfergaat¢hrough triad
interactions with swell frequencies (defined for 0.05 HZ =1, fi] < 0.15 Hz).

In addition, the proportion of the total energy transfer to (pluses) and from
(circles) infragravity frequencief involving two harmonic waves increabsén

the shoreward directioriF{gure4.14b) indicating an increasing contribution of the

harmonics relative to waves at swell frequencies within the inner surfzone. These
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observations suggest that harmonic waves released in very shallow water could

play a key role in the infragravity energy batarunder dissipative conditions.
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Figure 4.14. (a) Example nonlinear energy transféhgf,+f,, f;) (Equation 4.20) to
motions at infragravity frequendy by triads with frequenciedy( f,, f;+f,), calculaded

from a time series obtained bywaOutADV at 10:10 (DST), during the first tidal cycle
near high tide. Diagonal dashed lines mark region below wixi¢h< 0.5 Hz (top line)

and 0.15 Hz (bottom line). Horizontal solid line aldig 0.05 Hz delimitsegion above
which triads consist of only one infragravity wave. (b) Proportion of energy transfers
involving two harmonic waves with frequencies+{,, f1) Wharmonid Wrotal tO (pOSitive
W(f,+f,, 1), pluses) and from (negativé(f,+f,, f;), circles) infragravity waves$,, as a
function of cross hor e di st ance Xt WRdhmi$ dssciasedth with theé | n e
region in (a) where both+f, andf; correspond to harmonic frequencies (defined here as
0.15 <f < 0.50 Hz, region betweemvd dashed lines), whered¥ ., also includes the
region in (a) between lower dashed line and horizontal solid line, vihkdseandf; are
within the swell range (0.05 k< 0.15 Hz).
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4.6 Conclusion

Swash oscillations on a legloping, dissipative beach wdergely dominated by
low-frequency { < 0.025 Hz) infragravity waves. Incident waves at-seall
frequencies were nearly fully dissipated through the surfzone by breaking, which
yielded runup saturated at the incident band. In addition, swash energy at a
higherfrequency infragravity band (0.035 Hzf< 0.05 Hz) also appeared to be
saturated, similar to observations under keglergy offshore wave conditions,
albeit offshore wave condition during our observations were mild. Our
observations show that thérequency distribution (and total energy) of
infragravity waves in infragravitdgominated swash motions were entirely
consistent with the gradual dissipation of infragravity energy observed in the

shallow surfzone.

Infragravity energy dissipation was stgly associated with breaking of seaell
waves within the surfzone. Ssavell wave breaking abruptly decreased nonlinear
transfers to infragravity motions, making infragravity dissipation prevail over
forcing and infragravity fluxes to decrease in thersiward direction. Infragravity
wave reflection increased with decreasing infragravity frequency, but was less
than unity for all frequency bands. Tidal modulations in the dissipation pattern
associated with changes to the beach face slope over the cqmoéile were
largely responsible for shifting the zone of infragravity runup saturation to higher
and lower frequencies. The strong control of beach slope on infragravity

dominated runup is consistent with field observatiorRwigiero et al(2004).

Our observations suggest that the pathway of energy transfer between incident
and infragravity frequencies as the waves progressed across the surf zone and into
the swash zone involved higher order harmonics. We showed evidence of
nonlinear difference interions involving infragravity and higfrequency,
secondary harmonic waves within the inner surfzone. Our findings suggest that

these nonlinear harmonic waves could play a role in the wave energy balance near
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the shoreline on lovgloping, dissipative beackeThis may be in contrast to
steeper barred beaches, where transfers of infragravity energy to and from swell

waves have been shown to be more important.

Most infragravity forcing clearly occurred outside the saohe, and energy levels
at seaswell frequencies in the swash zone were very small, suggesting that bore
bore capture of seswell waves (e.g.Mase 1995) may not be an important

mechanism of infragravity generation on very gentle dissipative beaches.
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Chapter 5

GeneralConclusions

5.1 Concluding remarks

Field observations of wave and swash hydrodynamics from two different sites
were analysed. The sites were representative of meelergy, steeper,
intermediate beaches, characteristic of the east coast, aneertagy, low
sloping, dissipative beachegpically observed on the west coast of New Zealand
(TairuaBeach and Ngarunieach, Raglan respectively). As one would expect,
the way in which swash motions were related to offshore wave climate was
remarkably different on these two sites, particularhwespect to the magnitude

of the vertical swash oscillations and the characteristics of the swash spectrum

relative to offshore wave conditions.

The presence of a sandbar was found to change the characteristics of the swash
motions on a steep, intermath beach. The magnitude of the shoreline
oscillations and the wave energy distribution among frequencies were highly
controlled by the water depth over the sandbar crest, which defined the degree of
wave breaking dissipation and the wave energy levelseashoreline. Whereas

here the water depth over the sandbar crest was modulated by changes in the tide,
one would expect similar patterns to take place at distinct sites where the
presence, quantity and characteristics of the sandbars are differentnéugdor

the presence of sandbars and their distances from the shoreline, which might be
viewed as a proxy of their depths, might improve the generalization of simple
runup parameterizations, especially for steeper beaches where their effects in

controlling wave breaking dissipation are typically maximized.
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Alongshore runup variability at Tairua was strongly associated with changes in
beach face slope. The sandbar morphology was notably alongshifmen

during the period of the field experiment, desgtevious observations having
observed nomniform sandbar features to be common at this site. However, the
presence of a shoal near the southern end of the beach caused some variability in
the degree of breakiAgduced wave energy dissipation over thigioa, which

also affected the magnitude of runup at both-sseell and infragravity
frequencies. These results suggest that prominent alongshore variability in
sandbar morphology may lead to significant alongshore runup variability, which
might be linked @ coupling between shoreline and sandbar rhythmicity frequently

observed in the field.

Swash motions on a loegloping, dissipative beach were controlled by energy
transfers between saavell and infragravity waves. Short waves at-seall
frequencies werenearly fully-dissipated before reaching the swash zone and
runup was essentially driven by wave energy at infragravity frequencies.
However, infragravity waves were also observed to decrease in energy in the
shoreward direction within the surfzone, andssshore changes in infragravity
energy fluxes were highly associated with the energy density in the swash zone.
Part of these infragravity losses appeared to be due to nonlinear energy transfer
from infragravity back to incident waves, which were dissgaby breaking.
Nevertheless, swash saturation and very small reflection coefficients observed for
higherfrequency, infragravity waves, suggest that these waves might also have
been limited by breaking in very shallow water (< 0.5 m). Understanding the
conditions under which energy is gained or lost by infragravity waves in very
shallow water is critical to predicting changes in swash motions on ¢goting

beaches.

A simple technique to quantify wave breaking dissipation was presented in this

thesis.The method uses time stack images of the surfzone to detect breaking
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waves and calculates the probability of breaking across the surfzone. Quantifying
the wave energy dissipated by breaking has been a challenge over the years,
despite being critical to uedstanding wave transformation within the surfzone
region. Though further testing and validation of the technique against field and
laboratory experiments and numerical models would be desired, the technique has
been successfully used in this thesis toestigate relative changes in wave
dissipation and their contributions to swash motions, and could potentially be

useful in future research.

Some of the limitations of thistudy are that some environmental parameters
controlling swash oscillations were correlated in the field sites analysee in th
thesis Particularly, alongshore changes to beach face slope and the degree of
wave breaking over the offshore sandbar were typicallyetaded which, despite
being an interesting finding from this study, made it difficult to separate the
relative contributions from these two variablesaddition, alongshore variability

to the sandbar morphology was limited, and the effect of strong sklorey
morphological variabilityon runupis unclear.Further research at differesites is

needed to clarify thesguestiors.

The sandbar control orunup was examined ane field site, subjected to a
restricted range of offshore wave conditions, tidahge and nearshore
morphology. Investigating the sandbar control under a wider range of
environmental conditions would allow generalising tiode of the sandbarin

controlling swash oscillationglowever, thisvas beyond the scope of this thesis

Shallow water processes which are not accounted for in existing runup
parameterizations, including berduced seawell wave breaking dissipation,
infragravity dissipation andnonlinear wave energyransfers among wave
frequenciesvere shown to have profound ing@tions to the characteristics of the
swash. Describing and quantifying such effects constitutes the main contribution

of this thesis.
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5.2 Suggestions for future research

This thesis answered some fundamental questions concerning swash oscillations
on steep mad lowsloping natural beaches and their relationship with
environmental parameters, and gave rise to a number of further interesting

research questions.

Wave breaking dissipation and changes in beach face morphology were both
associated with changes towup. However, the relative contributions of these two
variables under a wide range of environmental conditions are still unclear.
Investigating alongshore runup variability under highly -4homogeneous
sandbar morphology, as well as tidathpdulated, crasshore runup changes

over convex beaches (where, conversely to the present observations, the beach
slope decreases with increasing tide) could potentially help understanding their

relative contributions.

This thesis showed evidence that secondary harmemres might be involved in

the generation of infragravity motions at the shoreline through a mechanism of
borebore capture. Examining this mechanism using numerical simulations could
allow one to determine how important it could be under different wane a

morphology conditions.

Nonlinear wave interaction patterns across the surfzone and their relationship with
infragravity swash motions were investigated in this thesis. The shallowest
observations took place at about 0.5 m water depth, shoreward of theich
infragravity band started to dominate the spectrum and higbguency,
infragravity waves might have broken. Examining shallewater, field
observations of wave hydrodynamics on {sleping beaches may help clarifying

the roles of energy transfdrom infragravity waves and infragravity wave

breaking in controlling infragravity swash motions.
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Appendix

Non-stationary patterns in swash motions
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