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SWASH SATURATION: ISIT UNIVERSAL AND DO WE HAVE AN APPROPRIATE MODEL?

Michael G. Hughe's Tom E. Baldockand Troels Aagaatd

Abstract

An extensive field data set representing the falhge of micro-tidal beach states (reflective, imediate and
dissipative) is used to investigate swash saturafio models that predict the behavior of saturatgash are tested:
one driven by standing waves and the other drivebdrses. Despite being based on entirely diffepemises, they
predict similar trends in the limiting (saturateslyash height with respect to dependency on frequand beach
gradient. For a given frequency and beach gradimwever, the bore-driven model predicts a largéurated swash
height by a factor 2.5. Both models broadly prettiet general behaviour of swash saturation evidetieé data, but
neither model is accurate in detail. While swaghrsgion in the short wave frequency band is commwisome beach
types, it does not always occur across all begobsty

Key words: swash zone, surf zone, energy saturation, beaeh iygach morphodynamics

1. Introduction

Swash (shoreline oscillations) on natural beaclesirgs across a broad range of frequencies, driyeam b
variety of incident wave forms. Swash spectra go&chlly discussed with respect to two frequencpdsa
that correspond to short waves and long (infragyawaves incident at the beach face. Short wavesbw
derives from locally-generated wind waves and fromell (e.g., Waddell, 1976; Hughes, 1992; Holland
and Puleo, 2001), whereas infragravity swash ireduéaky-mode standing waves and edge waves (e.g.,
Huntley, 1976; Aagaard, 1991; Holland et al., 1996tland and Holman, 1999). A fundamental differenc
between incident short waves and most surf zong lwaves is that the former usually break before
reaching the beach face, whereas the latter usdallyot, except possibly on very mild slopes under
energetic conditions (Battjes et al., 2004).

Guza and Thornton (1982), and subsequent authgrs Klman, 1983; Aagaard, 1990), have presented
field measurements on dissipative type beacheslglshowing the infragravity swash height increasin
with offshore wave height while the short wave swhsight remained roughly constant and thus sadrat
We specifically define saturation here to mean thatswash height calculated from the shorelineagien
time series variance, or equivalently the spectradrgy, remains constant in a specified frequeraydb
under increasing offshore (incident) wave energljisTrequires that ‘excess’ energy, defined as the
proportion of incident wave energy over and abdw torresponding to the saturated swash energst mu
be dissipated or reflected prior to influencing thagnitude of the shoreline motion.

Huntley et al. (1977) proposed on the basis of M&l{1944; 1951) model for wave behaviour in the
surf zone that swash might be universally saturatethe short wave band and, if so, that the swash
spectrum will display an energy roll-off rate ©f. Using a different model premise based on Shen and
Meyer (1963), Mase (1998) and Baldock and Holm&99) also proposed that saturated swash spectra
should have the same energy roll-off rate. Furtleails of these models are presented in Section 2.

Over the past three decades studies have demeadstratindicated swash saturation occurred in the
short wave frequency band<Q.05 Hz) on particular beaches and some have ialdicated swash
saturation extended into the infragravity band @mtipular beaches (e.g., Guza and Thornton, 1982;
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Raubenheimer and Guza, 1996; Ruessink.etl@88; Holland and Holman, 1999; Ruggiero et 2004;
Senechal et al., 2011; Guedes et al., 2013; Hughals, 2014). To our knowledge, however, therelesen

no systematic investigation of the process acrtbdseach types. This contribution uses the extansiata
set previously described in Hughes et al. (2014)ntestigate swash saturation across a wide rafige o
wave and beach conditions including the reflectimesrmediate and dissipative beach types desctilyed
Wright and Short (1984).

2. Background
2.1. Sanding wave swash model

The ratio of wave steepness to beach profile siofiendamental to wave breaking. The limiting cdiaahi
for non-breaking waves can be determined from thelmear shallow water theory applied to standing
long waves (Carrier and Greenspan, 1958)

auf
95°

where a5 is vertical swash amplitudew is wave radian frequency AR where f is frequency),g is
gravitational acceleration and is beach slope angle in radians (assumed here tentall enough for
tanp=sing=~p). When the value of the swash scaling parametguals or exceeds the critical valgel
then wave breaking occurs.

Miche’s (1944; 1951) model for monochromatic swaisties that the amplitude of shoreline oscillations
is proportional to the standing wave amplitude. HAiitcreasing incident wave amplitude, the shoreline
amplitude will also increase up to the value cqroesling with the maximum possible standing wave
amplitude for the given frequency and beach sl@®myond this value the increased incident energy is
hypothesized to be dissipated entirely by wave kinga This implies the swash becomes saturated with
the onset of wave breaking. According to Miche844; 1951) model, swash should therefore be saulirat
for values ofg=1. SubstitutingZ=2as and £=1 into equation (1) yields the limiting (saturgtesivash
heightZ under monochromatic standing wave conditions:

@)

_ 9B
e

)

Huntley et al. (1977) further developed the monoatatic model to suit broad-banded conditions and
proposed that the shoreline run-up spectrum adhes$requency band corresponding to breaking waves
might be universally described by

ol

whereE is energy density, ané‘c is the critical value of the swash scaling parametarking the onset of
wave breaking and swash saturation. Hétes in dimensional form with units of HZ We make a clear
distinction herein between what we will term the mnohromatic and the broad-banded standing wave
model for swash. The former relates to Miche’s nhoaled the limiting swash height for a specific
frequency is given by equation (2F&.=1), whereas the latter is related to Huntley strabdification of
Miche’s model to suit broad-banded conditions drallimiting swash energy density across the frequen
bandwidth that wave breaking occurs is given byatiqu (3). That is, across the frequency bandwidth
which combinations o&s and wyield é‘c values consistent with wave breaking, igz¢&. Based on five
spectra from natural beaches representing a f@ctange of beach gradients from 0.065 to 0.13, ldynt
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et al. (1977) suggested thég has a value somewhere between 2 and ¥ Hz

It is not a trivial matter to relaté‘c to its monochromatic equivalegt Based on the fact that the down-
slope acceleration of the shoreline cannot exceediown-slo cceleration due to gravity, Hundegl.
(1977) developed an argument which concluded&h& &£, Af | whereAf (Hz) is the bandwidth over
which wave breaking is occurring. The valuespbfand 5 are expected to co-vary inversely such tﬁ@t
universally remains a constant value of unity.

2.2. Bore-driven swash model

Using a monochromatic and friction-less ballistiodal for the shoreline motion driven by bores (Shen
and Meyer, 1963), Baldock and Holmes (1999) deratifferent formulation for the limiting (saturate
swash height. They defined the onset of saturabamccur when the swash cycle from one bore doés no
complete before the arrival of the following battays the shoreline excursion of one or both iscedu

This is equivalent to the ‘phase difference’ corcaptroduced by Kemp (1975). For a given
monochromatic incident bore frequency there ex@nhluinations of swash height (or bore height) and
beach slope that result in the shoreline frequéaiyg higher than the bore frequency (unsaturatedls),
and there exist combinations that would resulhaghoreline frequency being lower than the indithene
frequency, and consequently bore-swash interactionrs (saturated swash).

The initial speed of the shoreline at bore collapgeis assumed to be related to the collapsing bode a
typically takes the form

Uo :C‘\l gHb (4)

whereHy is the bore height at the shoreline ads a coefficient that describes the efficiencybofe
collapse; equal to 2 for complete conversion ofepbél to kinetic energy (Yeh et al., 1989). Frame t
ballistic model for shoreline motion, the frequemdya swash cycle is (Baldock and Holmes, 1999)

e )
2C\/gH,
Applying the ballistic model prediction that the asin height isUg/Zg = Csz/Z and the argument

that the swash is saturated when the swash freyumsmomes less than or equal to the bore frequémney,
limiting swash height is (Baldock and Holmes, 1999)

2
Z= % (6)
8f?

Equation (6) is analogous to equation (2) in tlnegt tormer defines the limiting swash height for a
specific frequency driven by standing waves andl#itier defines the same for swash driven by bores.
Comparing equations (2) and (6), the limiting swhslght produced by bores is approximately 2.5 sime
that produced by the largest non-breaking standine of equivalent frequency.

There is no obvious pathway for extending the manomatic theory for bore-driven swash to suit
broad-banded conditions. A broad-banded versia@gaation (6) would predict the saturated swashgsner
level to be proportional to the beach gradienthe power 4 and the frequency to the power -4 (see
Baldock and Holmes, 1999), consistent with the dite;m wave model (cf. equation 3), but it is unclear
what the dimensionally correct coefficient would be

2.3. Summary of model predictions

There is an important distinction between the twadels for saturated swash. The standing wave model
describes depth-limited saturation of short wavethe inner surf zone, thereby limiting swash eneng

194



Coastal Dynamics 2017
Paper No.108

the short wave band. In this case ‘excess’ shovevesergy is dissipated by turbulent breaking actbe
surf zone. The bore model describes swash satartitfough dissipation of ‘excess’ energy by turbake
and/or opposing flows associated with wave-swagdraations. There is no requirement in this case fo
waves in the surf zone to be depth-limited or sdd.

The monochromatic version of both models predidirect dependency of the saturated swash height on
beach gradient squared and inverse dependencyequeincy squared. Equivalently, the spectral vession
of the models predict a direct dependency of therated energy density on beach gradient to thettfou
power and inverse dependency on frequency to tinehfgower. The latter results in the characterisfi
roll-off region in swash spectra.

Many studies have presented swash spectra disglayifi* roll-off region in the short wave frequency
band and some extending into the infragravity waaed (e.g., Guza and Thornton, 1982; Raubenheimer
and Guza, 1996; Ruessink ef, d41998; Holland and Holman, 1999; Ruggiero et 2004; Senechal et al.,
2011; Guedes et al., 2013; Hughes et al., 20142a@nd Thornton (1982) presented additional arslysi
that was independent of the spectral roll-off tondastrate swash saturation. They measured thdisagtti
swash height in the short wave frequency band aviaictor 3 range in offshore significant wave heigh
and showed that the former was constant in thgegment. Similarly, Raubenheimer and Guza (1996)
showed that the significant swash height in thertsivave frequency band increased with the beach
gradient squared in their experiment.

3. Field Sites, M ethods and Data

A full description of the field sites and methodsed for measuring the shoreline elevation timesseaind
calculating the swash spectra reported here anadam in Hughes et al. (2014). Only the salientnpmi
and new information are provided below.

The field sites were located in Australia and Derimall beaches studied were micro-tidal and
composed predominantly of sand ranging from vemg fo very coarse. Beach gradients, calculatetieas t
average gradient over the active swash zone, raagexss nearly an order of magnitude from 0.017 to
0.164. Offshore significant wave heights rangedmfr6.5 m to 3.0 m. All three major beach types
(reflective, intermediate and dissipative) are espnted in the data set.

Shoreline elevation time series were measured usitiger a resistance-type runup wire or video
imagery. Data were compiled into 15 minute timeesefruns) to ensure stationarity with respechtotide,
and were digitized (re-sampled where necessarlipt® a consistent sampling frequency of 10 Hz acros
the data set. All calculated spectra had 22 degrefeeedom and a frequency resolution of 1.11%Hy.

The lowest frequency to which thé roll-off region extended,, was determined for each spectrum in
the following way. The best fit linear regressiamel (and 95% confidence interval) was fitted tot thart
of the spectrum displaying & roll-off. The regression line was then extendedhie down-frequency
direction, and the value &fwas taken as the frequency at which the spectearted significantly from
the regression line; that is, outside the configeinterval (see also Ruessink et al., 1998). Thithnof the
f roll-off band,Af, was then calculated using=0.54..

The analysis presented here extends that previpusbented in Hughes et al. (2014) to include aigly
of the shoreline elevation time series on a wavevhye basis. This required identification of albstline
maxima and minima in each time series. Shorelingimma were automatically identified by zero-down
crossings of the first derivative of the time sgeri€horeline minima were then identified as theimmimm
elevation between successive shoreline maxima.

The individual swash heigfat for each swash cycle was calculated as the etavdifference between
each shoreline minimum and its following maximurheTrequency associated with that swash cycle was
calculated as the inverse of two times the diffeeebetween the shoreline minimum and its following
maximum. Swash cycles were only considered sigmifi@nd included in the analysis if their frequesci
were less than 0.25 Hz.

The combined Australian and Danish data set incdluBié separate field deployments across nine
beaches; yielding 187 runs (15-minute time serib8J, swash spectra and 13,150 individual swaslesycl
This has been supplemented with examples from atioelies to demonstrate consistency (Raubenheimer
and Guza, 1996; Ruessink et al., 1998; Ruggieal.e2004; Senechal et al., 2011; Guedes et al3)20
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Previously published swash spectra have been gsedtimate a value fa?cand Af. This was done by
reading off the energy densifyfor a specific frequenciin thef ™ roll-off region of the published swash
spectra. The estimatdflandf together with the published beach gradjgmtere substituted into equation
3) to determinéc. The lowest frequency to which thié& roll-off region extendedf,, was estimated by
eye, and thenf was calculated usingf=0.51;. There are two estimates fé‘g andAf from Ruggiero et al.
(2004), one from their Region | and Region II. Thare also two estimates from Raubenheimer and Guza
(1996), because they provided a wide range of fanesslopes, 0.04 and 0.11.

4, Results

Numerous previous studies have measured swashrapiisplaying arf ™ roll-off region at the high

frequency end of the spectrum (Section 2). In aiptes analysis of the data presented here theofll-

region was observed ubiquitously across all begphst and a wide range of wave conditions (Hughes et

al., 2014). That analysis also explored aspecth@®fbroad-banded standing wave model for swash and

those results are briefly repeated here for comra, together with the inclusion of additionallgsia.
Equation (3) can be re-written in the simpler form

E(f)=af * )
where the proportionality coefficientis
_&9°p
a= 4 (8)
(2m)
Re-arranging equation (8) to
2 p4
Ja=¢ 9P ©
21T

shows that the slope of the regression line betweeasured values ofz andV[g?8*(27)™] will yield a
value foréc. A value fora was obtained for each available spectrum as tiesbf the linear regression
line betweerE andf™ over a common frequency range that was insidedheff band for all spectra (i.e.
0.15-0.25 Hz). Most of the regression lines had?aralue greater than 0.8, only three were less €han
and only one was not significant at the 95% comfigeinterval (see Hughes et al. 2014 for more d@tai

The value ofNa for each of the 187 spectra are plotted agaifg8’(27)™] in Figure 1. Considerable
scatter exists in the data, but it appears thastash energy level in tHé* roll-off band scales with”.
Given the high power some scatter may relate toptteeision with which the beach gradient can be
estimated. The fitted linear regression line hasssociated®=0.68 (p=0.000), which is significant at the
95% confidence level, and the slope of the regoeskines yieldséc =2.75+0.22 HZ". Ignoring the data
from dissipative beaches has a minimal impact ereitimated value Q?c (viz. é‘c =2.76+0.26 HZ").

The data shown from other published studies dematest a similar trend. The data reported by
Raubenheimer and Guza (1996) and Senechal eDall\2rom relatively steeper beaches, are welkiwit
the scatter of the Hughes et al. (2014) data sherééas the data from Ruggiero et al. (2004) andi€siet
al. (2013) extend the data coverage down to lowadignt beaches. ~

Individual estimates of the non-dimensional form &ffor each available spectrud,/Af , are
plotted_against beach gradient in Figure 2. Coaststwith theoretical expectation, the values of
£C\/1Adf are approximately constant for most of the data Betluding the low-gradient, dissipative
beaches wheré_/Af exceeded 5 and reached >30, the mean valug giAf (with 95% confidence
interval) was 2.25+1.72. Again, the data from othablished studies is consistent with the trendhef
Hughes et al. (2014) data. The theoretical expectahat the values ohf and S8 co-vary such thafc
remains a constant is also broadly evident in #ta ¢(Figure 3).
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Figure 1: Scatter plot of data used to estirrécteValues on the axes are explained in the texto@eld
symbols identify beach-states: reflective (red sgsia intermediate (green circles) and dissipatiee
triangles). Black symbols identify data from otls&wdies: Raubenheimer and Guza (1996) (black cspsse
Ruessink et al. (1998) (black hexagon), Ruggiem.gR2004) (black pentagons), Senechal et al.Jp01
(black asterisk) and Guedes et al. (2013) (blaakndind). The solid line represents the linear Isgatres
regression model fitted only to the data from giigdy (After Hughes et al., 2014).
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Figure 2: The “universal constan'r}f‘,c VA, from the Huntley et al. (1977) model plotted agabeach
gradients. The symbols are identified in Figure 1. The honial line showsé‘c\/Af =2.25 (After Hughes
et al., 2014).
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Figure 3: The bandwidth of tHé* roll-off region Af plotted as a function of the beach gradjent
The symbols are identified in Figure 1.

Figure 4 shows data for an experiment on a bargtraoeach in which incident waves measured
immediately seaward of the swash zone steadilyeas®d over several hours. The swash variance\clearl
increased with the surf variance and the swaslanegi was below the theoretically expected saturatio
value. Despite no evidence that the surf or swastegaturated in this experiment, the swash spectra
displayed ari ** roll-off band.

The swash height and frequency pair for all 13,i6ividual swash cycles in the available time serie
are plotted in Figure 5, together with the theaadtiimiting (saturated) swash height predictedtiy
monochromatic standing wave and bore-driven moétesisswash. Two versions of the standing wave
model are shown. The first is based on a value rofy ufor the swash scaling parametgr which
corresponds to the theoretical wave breaking @iterThe other corresponds to a value 3, which the
laboratory data of Guza and Bowen (1976) suggsstise critical value at which monochromatic waves
saturate.

None of the theoretical/empirical curves in Figbrappear to define a limiting swash height fordhaéa
analysed here. The standing wave model with a vaflug=1 approximates the middle of the data scatter,
whereas the curve fag=3 and the curve for the bore-driven model appratérthe upper side of the data
centroid. Percentages of data that fall above thdigted saturation curves in Figure 5 are listedable 1.
Approximately 20% of the full data set falls abdlie saturated swash height predicted by the baverdr
model whereas as 72% (12%) falls above the stangéivg model prediction for the theoretical vadyel
(empirical value:.=3).

Tablel. Percentage of data in Figure 5 lying alibegoredicted limiting (saturated) swash heighttifigr
bore-driven and standing wave models for swash.

Ballistic model Standing wave model
e =1 & =3
All data 20 72 12
Reflective 16 61 9
Intermediate 26 75 18
Dissipative 15 76 8
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Figure 4: (a) Swash spectra for 15 runs from Staldblsland during a rising tide. (b) Scatter @bt
the variance in the swash elevation time sehfss/gsh) as a function of that in the inner surf zoksuff).
Variance in both cases was only calculated ovesltoet wave frequency bant+Q.05 Hz).
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Figure 5: Scatter plots of swash heighk &gainst /) for each individual swash cycle in all the
available time series (black); and time series freftective (red), intermediate (green) and dishiea

(cyan) beaches. The limiting swash height accortbrthe bore-driven (blue) and standing wave (grey)
swash models is also shown. For the latter thel $ok ise. =1 and dashed ling =3.
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5. Discussion

Several previous studies have measured swash dpeérigds of increasing incident wave energy and
found the swash energy in the short-wave frequdremyd (>0.05 Hz) to be constant (e.g. Guza and
Thornton, 1982; Holman, 1983; Aagaard, 1990), whighdefinition means the short-wave swash was
saturated.

The broad-banded version of the standing wave mfmedaturated swash predicts: (i) &fi energy
roll-off in the saturated part of the spectrum) {iie saturated energy level to vary with beacldigre to
the fourth power; and (iii) the swash scaling pastanto be a constant. More specifically, the beach
gradient,$, and the band width over which wave breaking ogcAf, should vary inversely to maintain
£ = E N =1.

cRegfarding (i), numerous studies (e.g. Guza andntbony 1982; Mizuguchi, 1984; Raubenheimer and
Guza, 1996; Ruessink et al., 1998; Holland and almM999; Ruggiero et al., 2004; Senechal et@l]12
Guedes et al., 2013), including that by Hughed.et2@14) which covered the full range of beachetyp
indicate swash spectra characteristically disptafj ‘aenergy roll-off region.

Regarding (i), the bulk of the data presented lmdizates that the swash energy level inftAeoll-off
band varies with beach gradient to the fourth ppaiinough there is a great deal of scatter (Figyir&See
also Raubenheimer and Guza (1996). This scattentrbig explained in part by the high power. It might
also be explained if the energy in thé roll-off band was not saturated in all cases (selew). On low
gradient, dissipative beaches phedependency appears to break down (Figure 1). ISedRaiessink et al.
(1998).

While Huntley et al. (1977) directly estimated tliequency bandwidth over which wave breaking
occurred in their study, it has been a common apam subsequently that the bandwidth for wave
breaking is equivalent to the bandwidth of fhtenergy roll-off. Regarding (iii), the data presshhere
indicates tha and Af do vary inversely (Figure 3), thus the inferredginency bandwidth over which
wave breaking urs increases (in the down-freqpedtirection) as the beach gradient decreases.
Furthermore&, Af was constant for much of the data presented Hegure 2), but at a value of
2.25+1.72 rather than unity. The value 16 Af is apparently not constant on very gently sloped,
dissipative beaches.

While the predicted behavior of the saturated pathe swash spectrum is broadly consistent with th
standing wave model for swash saturation, the ilgitenergy level based o#, Eéc Af =1is
underestirAnath by a factor at least 2 to 3, ancerfmriow gradient dissipative beaches. This islent by
the value&, Af =2.25+1.72 in Figure 2. It is also evident in thews-by-wave analysis shown in Figure
5, where the amount of data above the predictedidignswash height is more than 70% ferl. Our
results are broadly consistent with the data ofaGamd Bowen (1976), which showed monochromatic
swash saturating at a valueesf3 rather than 1. Although in our data there i $8% of the full data set
plotting above that saturation line (Table 1).

Our wave-by-wave analysis demonstrates the bokewlrimodel for saturated swash also
underestimated the limiting (saturated) swash height by a smaller margin than the standing wave
model with the theoretical valug=1 (Figure 5; Table 1). Only 20% of the total datt was above the
predicted bore-driven saturation line. Given thwe data in Figure 5 was collected across 36 sepfiedd
deployments from 9 beaches, it is encouraging8éé of the data falls below the saturation line.

Measurement accuracy no doubt explains many obliiservations plotting above the saturation line of
both models, and also the three-dimensionalityatfiral swash; note the greater occurrence of dditagf
above the saturation lines on intermediate beatttaghave complex beach face topography (TablBut).
there are likely to be factors directly relatedite models as well.

The broad-banded version of the standing wave swestel assumes that individual frequencies in the
wave breaking band behave independently. This abahly not the case and non-linear interaction
between standing waves of different frequencies peyially explain underestimation of the saturated
swash energy. Application of the theoretical valyel for the onset of breaking is also a probable
explanation. There is noticeable hysteresis in teve breaking process over natural surf zone
topographies (Cowell, 1982). Energy dissipationaywe breaking and reflection coefficients are tfaee
likely to be more complex on natural beaches thaggsested by Equation 1, and this is evident in the
laboratory data present by Guza and Bowen (1984raevthere was a broad transition regione€3 in
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swash response to breaking waves.

On one level, the bore-driven swash saturation inalttevs for interaction between waves of different
frequencies, in that the onset of saturation igneefby the onset of wave-swash interactions. Ivirsg for
the limiting swash height, however, the model asssuthat each individual wave behaves independéntly.
does not predict a change in the limiting swashteilue to waves interacting, the limiting swastghteis
predicted to be the maximum possible swash heighbwt wave-swash interactions occurring.

There are two modes of wave-swash interaction t¢érést here. The first, called wave-uprush
interaction, where the second wave overtakes thet fof the first wave during the first wave’s upius
stage. The second, called wave-backwash interaatibere the second waves overruns the swash lens of
the first wave during the first wave’s backwashgstdErikson et al. 2005; Hughes and Moseley, 2007).
Wave-backwash interactions will likely reduce theash height resulting from the second wave, which i
the mechanism for saturating the swash in the daven model (Baldock and Holmes, 1999).

In the bore-driven swash model wave-uprush interastare assumed to have no impact on the swash
height, since the overtaking bore is expected ftajgse upon reaching the ‘dry’ beach and the swash
height is measured from the collapse point. Inifygahe travel of the bore over the preceding sprmay
result in the subsequent shoreline motion deparfiogn a ballistic description, particularly if the
overtaking bore receives a push from the followaweer as it arrives at the ‘dry’ beach.

Erikson et al. (2005) refined the bore-driven swamsitel to include wave-swash interactions. Whike th
approach was necessarily simplified, it demongtrétat the largest swash heights are often notagsd
with the largest bore heights. While this type oh#inear behavior can be investigated with nunagric
models it is not clear whether they will lead teteightforward expression for a limiting swashghej but
the approach shows promise.

Both models predict afi* energy roll-off region for saturated swash. In skending wave case, the roll-
off band corresponds to the frequency band of lingakaves, and in the bore-driven case it corredpon
to the frequencies for which wave-swash interastiare occurring. This raises the question — i$ an
energy roll-off a sufficient condition for infergnswash saturation, and therefore is swash in hbet-s
wave frequency band universally saturated? Figusegyests that it is not a sufficient condition dimel
degree of scatter in Figure 2 and 5 below the iimgiswash energy level (height) suggest that shaxte
swash saturation is not universal on natural beadhethe standing wave case, this is consistetft thie
surf not being universally saturated (e.g. Baldetcl., 1998; Power et al., 2010).

6. Summary and Conclusion

Swash behaviour has been investigated systematiaaibss the full range of microtidal, sandy beach
types from reflective through to dissipative. Aetheflective end of the continuum swash energy was
predominantly in the frequency band directly assied with incident sea and swell. At the dissipatwnd

of the continuum swash energy was predominanttiiéninfragravity frequency band.

Two theories for swash saturation were investigatedein referred to as the standing wave model and
the bore-driven model. The former assumes surfatidn which results in swash saturation, wherbas t
latter assumes swash saturation when bore-swasfadtibns occur.

Both theories predict that the limiting (saturatsgjash height for monochromatic incident waves is
directly proportional to the beach gradient squamedersely proportional to the frequency squaraui)
independent of incident wave height. Broad-bandessions of the models predict the same
proportionalities, but to the fourth power. Basedtbese model predictions it is generally assunreti‘a
energy roll-off at the high frequency end of theapum indicates swash saturation across that drexyu
band.

The data set demonstrated that swash across aravige of beach types displayed behavior consistent
with predictions for swash saturation in the shuatre frequency band, which is generally considéced
correspond with wave breaking. For example:

1. A spectral energy roll-off at * at the high-frequency end of the spectrum was uitnigs
across all beach types.

2. The total spectral energy in thé roll-off band varied with beach gradient to therithn power.

3. The width of thef  roll-off band,Af, varied inversely with beach gradient.
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4. The swash scaling parameigf = éc\/E was approximately constant across a wide range
of beaches.

Despite the consistency observed between data adélrpredictions at the broad level, the devilnis i
the detail, and there are significant issues #tilbe resolved before we have a robust model fasbw
saturation.

1. Both available models for swash saturation undedigt the limiting swash energy level or
limiting swash height.

2. In addition to swash spectra that are understodi teaturated, aii* frequency roll-off in the
short wave band also occurs in swash spectra thatod saturated.

3. On very flat, dissipative beaches thé roll-off region (and inferred saturation) can exde
well into the infragravity wave band, which is rmainsistent with the standing wave model for
swash saturation, despite infragravity waves likelpe standing waves.

4. The two available models predict a factor 2.5 défece in the limiting swash height.

These unresolved issues represent a gap in ourstadding of beach behavior and limits the abiiity
predict magnitudes and relative contributions ofrstand long waves to morphological change at the
beach face during storms. It also limits the apitit predict swash energy levels responsible fache
recovery and therefore the rate of recovery. Impdowodel approaches that correctly predict wave
breaking and the reflection coefficient and accdontthe broad-banded and non-linear aspects afralat
swash are required to resolve the outstandingsdsted above.

Acknowledgements

The Australian Research Council and the Danish fdhtsciences Research Council funded many of the
experiments reported here. Colleagues who prowdéghble assistance with these experiments atusrio
times include Andrew Aouad, Nick Cartwright, Aar@outts-Smith, David Hanslow, David Mitchell,
Adrienne Moseley, Peter Nielsen, Tony Peric, HarfPalver, and Felicia Weir.

References

Aagaard, T., 1990. Swash Oscillations on DissigaBeaches - Implications for Beach ErosidrCoastal Res., S19, 7
38-752.

Aagaard, T., 1991. Multiple-bar morphodynamics @sdelation to low-frequency edge wavésCoastal Res., 7, 801
-813.

Baldock, T.E., and P. Holmes, 1999. Simulation aredljgtion of swash oscillations on a steep be@cdastal Eng., 36,
219-242.

Baldock, T.E., P. Holmes, S. Bunker, P. van Wee®81€ross-shore hydrodynamics within an unsaturstedzone,
Coastal Eng. 34, 173-196.

Battjes, J.A., H.J. Bakkenes, T.T Janssen, and ARDamgeren, 2004. Shoaling of sub-harmonic grawviyes,J. G
eophys. Res., 109, C02009, doi: 10.1029/2003JC001863.

Carrier, G.F., and H.P. Greenspan, 1958. Water wafviésite amplitude on a sloping beach Fluid Mech., 4, 97-109.

Cowell, P.J., 198Breaker Sages and Surf Sructure on Natural Beaches. Coastal Studies Unit Technical Report 82/7,
Sydney, Australia.

Erikson, L., M. Larson, and H. Hanson, 2005. Prigalicof swash motion and run-up including the affeaf swash int
eraction,Coastal Eng., 52, 285-302.

Guedes, R.M.C., Bryan, K.R., and Coco, G,, 2013. Obtensof wave energy fluxes and swash motions loveslo
ping, dissipative beach. J. Geophys. Res., 118,-36569.

Guza, R.T., and Bowen, A.J., 1976. Resonant interecfior waves breaking on a beaPnoceedings 15" Internation
al Coastal Engineering Conference, ASCE, New York, 560-579.

Guza, R.T., and E.B. Thornton, 1982. Swash osahation a natural beach,Geophys. Res., 87, 483-491.

Holland, K.T., and R.A. Holman, 1999. Wavenumberfrency structure of infragravity swash motiahszeophys. R
es., 104, 13,479-13488.

Holland, K.T., and J.A. Puleo, 2001. Variable swasgitions associated with foreshore profile chadg&eophys. Res.,
106, 4613-4623.

Holland, K.T., B. Raubenheimer, R.T. Guza, and R.Anhéol, 1995. Run-up kinematics on a natural beadheophy
s. Res., 100, 4985-4993.

202



Coastal Dynamics 2017
Paper No.108

Holman, R.A., 1983. Edge waves and the configuratidihe shoreline, iI€RC Handbook of Coastal Processes and E
rosion, edited by P.D. Komar, pp. 21-33, CRC Press Inc., BRatan, Florida.

Hughes, M.G., 1992. Application of a non-linearlkiva water theory to swash following bore collagsea sandy bea
ch,J. Coastal Res., 8, 562-578.

Hughes, M.G,, and A.S. Moseley, 2007. Hydrokinematgions within the swash zor@gnt. Shelf Res., 27(15), 2000-
2013.

Hughes, M.G,, Aagaard, T., Baldock, T.E., and PoWeE,, 2014. Spectral signatures for swash onatdie, intermed
iate and dissipative beach&&arine Geology, 355, 88-97.

Huntley, D.A., 1976. Long-period waves on a natbedch,J. Geophys. Res., 81, 6441-6450.

Huntley, D.A., R.T. Guza, and A.J. Bowen, 1977. Avensal form for shoreline run-up spectrdeophys. Res., 82,
2577-2581.

Kemp, P.H., 1975. Wave asymmetry in the nearshome and breaker area, Nearshore Sediment Dynamics and Sedi
mentation, edited by J. Hails and A, Carr, pp. 47-65, Wiley.

Mase, H., 1988. Spectral characteristics of rand@wve run-upCoastal Eng., 12, 175-189.

Miche, R., 1944. Mouvement ondulatoires de mersrefopdeur constante ou decroissawter. Ponts Chaussees, 11
4, 25-78.

Miche, R., 1951. Le pouvoir reflechissant des oussagaritimes exposes a I'action de la hoétke,Ponts Chaussees,
121, 285-319.

Mizuguchi, M., 1984. Swash on a Natural Bea9ih Coastal Engineering Conference, Am. Soc. of Civ. Eng., Housto
n, Texas.

Power, H.E., Hughes, M.G., Aagaard, T., and Baldddk,, 2010. Nearshore wave height variation iratursted surf.
Journal of Geophysical Research, 115, doi:10.102%20005758.

Raubenheimer, B., and R.T. Guza, 1996. Observatimhpi@dictions of run-upl. Geophys. Res., 101, 25,575-25,587.

Ruessink, B.K., M.G. Kleinhans, and P.G.L. van denkBEul 998. Observations of swash under highly getsie con
ditions, J. Geophys. Res., 103, 3111-3118.

Ruggiero, P., R.A. Holman, and R.A. Beach, 2004. Waweup on a high-energy dissipative beatlGeophys. Res.,
109, C06025, doi:10.1029/2003JC002160.

Senechal, N., Coco, G, Bryan, K.R., and Holman, R@&11. Wave runup during extreme storm condition&ebphy
s. Res., 116, C07032, do0i:10.1029/2010JC006819.

Shen, M.C., and R.E. Meyer, 1963. Climb of a bore beach - Part 3. Run-uf, Fluid Mech., 16, 113-125.

Waddell, E., 1976. Swash-groundwater-beach proftleractions, irBeach and Nearshore Sedimentation, edited by R.
A. Davis Jr. and R.L. Ethington, pp. 115-125, Sgc@tEconomic Paleontologists and Mineralogists.

Wright, L.D., and A.D. Short, 1984. Morphodynamariability of surf zones and beaches; a synth#4s, Geol., 56,
93-118.

Yeh, H.H., A. Ghazali, and |. Marton, 1989. Expegimtal study of bore run-up, Fluid Mech., 206, 563-578.

203



