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Abstract

This paper presents numerical simulations and analytical predictions of key aspects of swash
oscillations on a steep beach. Simulations of the shoreline displacement based on bore run-up
theory are found to give excellent agreement with recent experimental data for regular waves,
wave groups and random waves. The theory is used to derive parameters that predict the onset of
swash saturation and the spectral characteristics of the saturated shoreline motion. These parame-
ters are again in good agreement with the measured laboratory data and are also consistent with
previous experimental data. Simulation of irregular wave run-up using a series of overlapping
monochromatic swash events is found to reproduce typical features of swash oscillations and can
accurately describe both the low and high frequency spectral characteristics of the swash zone. In
particular, the low frequency components of the run-up can be modelled directly using a sequence
of incident short wave bores, with no direct long wave input to the numerical simulations. This
suggests that wave groupiness must be accounted for when modelling shoreline oscillations.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Wave run-up and run-down or swash is one of the principal factors affecting the
stability of natural beaches and coastal structures. In particular, beach morphology is
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Ž .strongly influenced by the nature of the swash zone, both over short storm durations
Ž .and longer time scales Wright and Short, 1984; Hughes, 1992 . Predicting and

modelling swash zone processes is therefore critical for understanding beach behaviour
Ž .and the forces on structures in the coastal zone Hamm et al., 1993 .

This paper considers this point and presents numerical simulations and analytical
predictions for both regular and irregular wave run-up. The bore run-up model of Shen

Ž .and Meyer 1963 is used to derive key parameters that indicate the onset of swash
saturation and the spectral characteristics of the saturated shoreline motion. These are

Ž .consistent with recent laboratory data Baldock et al., 1997 and previous experimental
Ž .work Guza and Bowen, 1976; Huntley et al., 1977; Van Dorn, 1978 . Simple numerical

simulations of swash oscillations are found to reproduce typical features of measured
shoreline motions and can accurately describe both the low and high frequency spectral
characteristics of the swash zone. This is consistent with recent work by Baldock et al.
Ž .1997 which showed that low frequency swash motions may be directly induced by
incident wave grouping. A brief review of previous work relating to this study is given
in Section 2 of this paper, while Section 3 outlines the theoretical development and the
simulation technique. A brief description of the experimental arrangement is provided in
Section 4; comparisons between the model and experimental data are presented in
Section 5, with final conclusions drawn in Section 6.

2. Previous work

Two different hypothesis are currently used to describe the motion of swash on
natural beaches. The first regards swash as driven principally by low frequency

Žinfragravity waves which frequently have a cross-shore standing wave structure Hunt-
ley et al., 1977; Guza and Thornton, 1982; Holland et al., 1995; Raubenheimer et al.,

.1995 . Edge waves may also significantly contribute to infragravity energy in the swash
Ž .Bowen and Inman, 1971; Guza and Thornton, 1985 . The second hypothesis proposes
that swash is largely due to bores which collapse at the shoreline and then propagate up

Žthe beach face Shen and Meyer, 1963; Hibberd and Peregrine, 1979; Yeh et al., 1989;
.Hughes, 1992 . The first approach has clearly been identified on mild slope dissipative

beaches, whereas the bore hypothesis appears more realistic on steep beaches.
Ž .Miche 1951 assumed that the maximum swash amplitude was related to the limiting

amplitude of non-breaking standing waves on a plane slope. An increase in the incident
wave amplitude above this level would lead to wave breaking and the complete
dissipation of the wave energy in excess of that associated with the limiting amplitude;
hence the swash is saturated. This is expected to occur when the non-dimensional

Ž .parameter ´ reaches some critical value Iribarren and Nogales, 1949; Miche, 1951 :S

a v 2
s

´ s 1Ž .S 2g b

where a is the vertical amplitude of the shoreline motion, v is the angular waves
Ž .frequency 2p f—where f is the wave frequency , g the gravitational acceleration and

b the beach slope. Experimentally determined values for ´ vary according to differentS



( )T.E. Baldock, P. HolmesrCoastal Engineering 36 1999 219–242 221

Ž . Žresearchers; ´ f3"1 Guza and Bowen, 1976 , ´ f1.26 Battjes, 1974, see HuntleyS S
. Ž .et al., 1977 , ´ f2"0.3 Van Dorn, 1978 , while the field data of Huntley et al.S

Ž .1977 suggested a value for ´ in the range 2 to 3. For monochromatic unbrokenS
Žstanding waves, saturation is predicted to occur when ´ f1 Carrier and Greenspan,S
.1958; Munk and Wimbush, 1969; Raubenheimer and Guza, 1996 , a value significantly

lower than most of the experimentally determined values. However, to the authors’
knowledge, a theoretical value for this parameter has not been previously derived for

Ž .bores approaching the shoreline. Eq. 1 also suggests that power spectra of shoreline
motions will exhibit an fy4 roll-off in the saturated band, in agreement with measured

Ž . Ž .data Sutherland et al., 1976; Huntley et al., 1977 , although Guza and Thornton 1982
Ž . y3and Carlson 1984 found an f dependency.

Ž .However, on steeper beaches gradients of order 0.1 significant incident short wave
Ženergy and wave grouping may remain at the shoreline Wright and Short, 1984; List,

. Ž .1991 . Indeed, wave grouping may increase shorewards Kobayashi et al., 1989 . Short
wave bores may therefore reach the shoreline, driving swash motions at incident wave

Ž . Ž .frequencies Waddell, 1976; Raubenheimer and Guza, 1996 . Shen and Meyer 1963
provide an analytical solution for the shoreline motion following bore collapse and
numerical models based on the non-linear shallow water equations have developed from

Ž . Ž .the work of Hibberd and Peregrine 1979 , Packwood and Peregrine 1981 and
Ž . Ž . Ž .Kobayashi et al. 1989 . Raubenheimer et al. 1995 and Raubenheimer and Guza 1996

have shown that such models can accurately describe many features of the swash on
natural beaches, although they are fairly computationally intensive. Boussinesq models

Ž .which allow for frequency dispersion Freilich and Guza, 1984 can also provide
Žaccurate descriptions of surf zone dynamics and swash oscillations see Madsen et al.,

. Ž . y41997 . Mase 1988 suggested that the f form in the spectral characteristics of the
Žswash might be largely due to the parabolic nature of shoreline motion see Section 3

. Ž .below , rather than due to saturation effects. Mase 1988, 1994 also suggested that the
low frequency components in the run-up were due to interactions between individual

Ž .swash events. More recently, Baldock et al. 1997 showed that low frequency swash
motions could be directly induced by incident wave groups and were not necessarily due
to standing infragravity waves.

In the following sections it is shown that typical spectral characteristics of the swash
zone can be predicted and simulated using the simple equations due to Shen and Meyer
Ž . Ž .1963 . Furthermore, Eq. 1 is shown to apply to the bore hypothesis for swash motion
and two critical values of ´ are derived which indicate the onset of swash saturation. A
distinction is also made between the effects of wave grouping that induce low frequency

Ž .swash motions Baldock et al., 1997; Mase, 1988 and swash–swash interactions that
Ž .may generate additional offshore propagating long waves Watson and Peregrine, 1992 .

3. Model formulation

3.1. Monochromatic waÕes and spectral characteristics

The model for simulating both regular and irregular wave run-up due to bores
Ž .approaching the shoreline is based on the work of Shen and Meyer 1963 and also



( )T.E. Baldock, P. HolmesrCoastal Engineering 36 1999 219–242222

Ž .follows on from Mase 1988 . At present, for clarity, we assume a plane, hydraulically
smooth impermeable beach and an inviscid fluid, although the effects of bed friction

Ž .could readily be incorporated e.g., Hughes, 1995 . The incident bores are assumed to
Ž .collapse at the shoreline Whitham, 1958; Keller et al., 1960 , setting the shoreline in

motion. The bore collapse involves the rapid conversion of potential energy to kinetic
Ženergy, with an associated acceleration of the fluid velocity at the bore front Shen and

.Meyer, 1963; Yeh et al., 1989 . However, the initial speed of the shoreline, U , may beo

to some extent dependent on the nature of the bore collapse mechanism and hence the
Žincident waves e.g., uniform bores, undular bores or waves breaking onto the beach as

.shore breaks . U may therefore be written generally as:o

U sC gH 2(Ž . Ž .o B

where H is the height of the incident bore at the point of collapse. C is a coefficientB

which effectively describes the efficiency of the bore collapse and is expected to take a
Ž .value in the range of 1 to 2 see below . The subsequent shoreline motion may be

described by a simple parabolic equation giving the position of a fluid particle at the
Ž .front of the swash lens Shen and Meyer, 1963; Hughes, 1992 .

1
2X t sU ty gt sinb 3Ž . Ž .S o 2

where X is the shoreline position relative to the point of bore collapse and t is the timeS
Ž .elapsed since bore collapse. Note that Eq. 3 is simply the classical Newtonian equation

describing the motion of a body with constant acceleration. The duration or natural
period of the swash, T , from the start of the uprush to the end of the backwash is thenS

given by:

2Uo
T s 4Ž .S g sinb

Ž . Ž .However, on all but the steepest slopes, sin bfb and hence from Eqs. 2 and 4 :

2C gH( B
T s 5Ž .S g b

The maximum vertical run-up excursion above the point of bore collapse, R, may be
Ž . Ž .found from Eqs. 2 and 3 as:

U 2 C 2Ho B
Rs s . 6Ž .

2 g 2

ŽFor the simple case where all the potential energy is converted to kinetic energy Yeh
. Ž .et al., 1989 , C takes the theoretical value of 2 and hence Rs2 H . Eq. 5 representsB

the case where the period of the nearshore incident waves or bores, T , is greater than orB

equal to T . Consequently, there is no overlap between sequential swashes. However,S
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the natural period of the swash is dependent on both the beach slope and the height of
Ž .the incident bore, Eq. 5 . Therefore, increasing H while T remains constant leads toB B

a new equation which indicates the onset of overlap between sequential swashes when:

g b 2

H G 7Ž .B 2 24C f

Ž .where f is the frequency of the incident bores. Eq. 7 therefore gives the bore height at
which the swash just becomes saturated for a given beach slope and incident bore

Ž . Ž .frequency. Substitution of Eq. 7 into Eq. 6 then gives the magnitude of the saturated
swash or shoreline motion, R , measured from the seaward limit of the swash zone, i.e.,S

the intersection of overlapping swashes or position of maximum run-down.

g b 2

R F 8Ž .S 28 f

Ž .Again, Eq. 8 is a new equation giving the magnitude of the saturated swash motion
for any particular combination of beach slope and incident wave or bore frequency. Note

Ž .that since saturation occurs when T GT , f in Eq. 8 may be taken to be either theS B

frequency of the incident bores or the fundamental frequency of the parabolic shoreline
Ž . Ž .motion. Alternatively, Eq. 8 may be found from Eq. 3 using symmetry and by

considering the amplitude of a parabola of duration T . It is also of interest to note thatB

R is independent of C, the coefficient describing the efficiency of bore collapse. ThisS

suggests that the magnitude or amplitude of the saturated swash motion is likely to be
largely independent of the type of bores approaching the shoreline. C does, however,

Ž Ž ..influence the bore height that first results in swash saturation see Eq. 7 . Conse-
Ž .quently, if energy is lost during bore collapse C-2 then larger incident bores are

required to produce swash saturation.
As swash saturation occurs, the mean shoreline position and the seaward limit of the

swash zone move shorewards, which may be considered as swash induced set-up in
contrast to wave induced set-up in the surf zone. In the absence of frictional or turbulent
energy dissipation and additional wave induced set-up in the surf zone, these changes
are dependent on the amplitude and frequency of the incoming bores and the beach
slope. For regular waves, the change in the vertical elevation of the seaward limit of the

Ž .swash zone position of maximum run-down is simply obtained as the difference
Ž Ž . Ž ..between the unsaturated and saturated run-up excursions Eqs. 6 – 8 . Furthermore,

from the properties of a parabola, the mean shoreline position is additionally displaced
vertically by 2r3R .S

Ž . Ž . Ž .Substitution of Eqs. 7 and 8 into Eq. 1 then allows two new critical values of ´

Ž .to be determined. The wave or bore amplitude H r2 at the position of bore collapseB

which first produces swash saturation gives ´ :B

2 22 2g b 2p f 2pŽ . Ž .
´ s ´´ s 9Ž .B B2 2 2 28C f g b 8C
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For Cs2, ´ f1.25, a value which does not appear to have been derived previously.B

´ , again for broken waves, is given in a similar fashion by the saturated swashS
Ž .amplitude using Eq. 8 :

22pŽ .
´ s f2.5 10Ž .S 16

This new theoretical value appears consistent with values for ´ found experimentally,S
Ž . Ž .´ f3"1 Guza and Bowen, 1976 , ´ f2"0.3 Van Dorn, 1978 , ´ f2–3S S S

Ž Ž .. Ž .Huntley et al. 1977 . However, the experiments of Battjes 1974 gave quite a
Ž .different value; ´ f1.26 see Huntley et al., 1977 , and this discrepancy between theS

experimental results remains unresolved.
With the assumption of sinusoidal motion in the surf zone and parabolic motion of

Ž . Ž .the shoreline, both Eqs. 7 and 8 may also be written in terms of their spectral density
Žfor comparison with the spectral characteristics of measured data e.g., Huntley et al.,

.1977 :

g 2b 4 1 g 2b 4 1
S f s and S f s 11Ž . Ž . Ž .B S4 4 4

d f d f128C f 720 f

Ž .where d f is a unit frequency d fs1 Hz . It has been drawn to the authors’ attention
Ž . Ž . Ž . Ž .that S f in Eq. 11 was also derived by Bullock 1968 . Note that S f is predictedS S

to have an f y4 roll-off at high frequencies as found previously in both field and
Ž .laboratory studies Huntley et al., 1977; Sutherland et al., 1976; Baldock et al., 1997 .

Ž . y4S f has a similar roll-off, although this does not imply an f roll-off in nearshoreB

sea surface elevation spectra.
Ž . Ž . y4However, although Eqs. 7 – 11 predict the characteristic f spectral shape, the

y4 Ž .spectral characteristics of a single parabola also show an f dependency Mase, 1988 .
Ž . Ž .For example, following Mase 1988 , the vertical component of Eq. 3 may be written

in the form:

2 ` 2U g b 2np to
R t s y cos 12Ž . Ž .Ý 2 2 2 ž /3g T2n p f Sns1

where fsnrT , and the spectral density of each harmonic is clearly proportional toS

f y4. Consequently, the characteristic fy4 roll-off in swash spectra appears to be a
combination of two processes; firstly the fy4 dependence of the saturated swash

Ž .amplitude at the fundamental swash frequency, Eq. 8 and, secondly, the fact that the
amplitudes of the higher harmonic components of parabolic shoreline motions are also

y4 Ž .proportional to f Eq. 12 . Note, however, that the combination of the two processes
will still result in an f y4 roll-off in spectral density.

Ž . Ž .Finally, by substituting the bore amplitude at the shoreline H r2 into Eq. 1 , ´B B
Žmay be shown to be related to the surf similarity parameter, zsbr H rL , Iribarren( o o

. 2and Nogales, 1949 , by ´ sDprz , where D is the ratio of the bore height at theB
Ž . Ž .shoreline to the deep water wave height DsH rH . Since from Eq. 9 the swashB o



( )T.E. Baldock, P. HolmesrCoastal Engineering 36 1999 219–242 225

becomes saturated once ´ G1.25, then unless Drz 2 is less than about 0.4, the swashB

zone will be saturated, typical of the conditions on mildly sloping beaches. However,
Žalthough the characteristics of the surf zone affect the type of swash motion Madsen et

.al., 1997 , the present work suggests that this occurs indirectly, largely as a result of the
change in the height of the bores reaching the shoreline.

3.2. Irregular waÕe run-up simulation

Ž .Following Mase 1988 , the shoreline motion induced by wave groups or random
Ž .waves may also be simulated using Eq. 3 and the superposition of overlapping

Ž . Ž .parabolas. However, Mase 1988 only used a random sequence of initial velocities Uo
Žstarting at random time intervals neither of which were based on physical considera-

. y4 Ž .tions to show that the characteristic f spectral roll-off could arise from Eq. 1 . Here,
laboratory measurements of bore heights and their arrival time at the shoreline are used
to provide input to a model for run-up due to both wave groups and random waves.
Comparisons are then made with the respective measured run-up data and additional

Žsimulations based on a Rayleigh p.d.f. for nearshore wave heights Thornton and Guza,
.1983; Baldock et al., 1998 .

The numerical simulation is based solely on the bore heights and their arrival time at
Ž . Ža fixed position, here taken to be the initial still water shoreline SWL see Section 4

.below . This position is taken to be the point of bore collapse for all incident bores, and
although this will in general not be the case, the numerical simulation is not overly
sensitive to this assumption. The swash model may not be considered entirely predictive,
since in the absence of measured data some model for the surf zone is required, although
most surf zone models themselves require data at the seaward boundary. However, data
at the seaward limit of the swash zone is readily obtained in laboratory studies and also

Ž .frequently collected during field measurements e.g., Hughes, 1995 and therefore the
present model may be easily applied. Furthermore, simple parametric or probabilistic
surf zone models can provide estimates of either r.m.s wave heights or individual wave

Žheights close to the shoreline e.g., Battjes and Janssen, 1978; Mase and Iwagaki, 1982;
.Thornton and Guza, 1983; Dally and Dean, 1986; Baldock et al., 1998 and the

propagation time across the surf zone for individual waves may be easily estimated from
linear theory. One purpose of this paper is therefore to demonstrate that, with input
typically available from surf zone models widely used in engineering practice, the
simple model presented here is able to predict the overall spectral characteristics of
run-up well. This simple model may also highlight the underlying physical run-up
processes more readily than full computationally intensive solutions.

Note that wave induced set-uprset-down is not included in the model for several
reasons. Firstly, steady set-uprset-down seaward of the swash zone was typically very

Ž .small for these wave conditions O;2–3 mm . Secondly, in the presence of wave
grouping, dynamic set-up occurs in the inner surf zone, which can only be accounted for
if the cross-shore wave group structure is known, whereas the present model is solely
based on wave conditions close to the shoreline. In addition, for irregular waves, the
mean water elevation, and therefore set-up, cannot be uniquely defined shoreward of the

Ž .position of maximum swash run-down Brocchini and Peregrine, 1996 .
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Each individual bore in either a regular or irregular sequence induces a parabolic
Ž .motion of the shoreline given by Eq. 3 , with an amplitude and swash frequency

dependent only on the height, H , of the incident bore. The shoreline position is thenB
Ž .given by the superposition of overlapping parabolas Fig. 1 .

It is important to note that in the model there is no interaction between individual
swash events; two or more parabolas do not influence each other or generate additional
components in the shoreline motion. However, the superposition process itself may
result in additional low frequency harmonics in a frequency analysis of the shoreline

Ž . Ž .motion see Section 5 below . Baldock et al. 1997 recently showed that these low
frequency harmonics in the shoreline motion describe the envelope of the run-up due to
individual bores and should not therefore considered to be additional swash motions. In

Ž . Ž .this instance, the term interaction used by Carlson 1984 and Mase 1988 to explain
the generation of these additional low frequency harmonics by overlapping parabolas is
somewhat misleading, since in wave mechanics terms it implies that new harmonic
components are generated in the swash zone. The distinction is important since true

Žswash–swash interaction may generate outgoing low frequency waves Watson and
.Peregrine, 1992; Watson et al., 1994 , whereas superposition of individual overlapping

swash events will not. Note that interaction between swash events in the measured data
will to some extent be accounted for in the model input, since the backwash from the
preceding swash may influence the height of the next incoming bore.

Finally, the superposition method does not explicitly allow for turbulent energy
dissipation at the seaward limit of the swash zone. However, energy losses may be

Ž .accounted for implicitly by varying the coefficient C in Eq. 2 . This effectively reduces
the efficiency of the bore collapse mechanism and reduces the initial shoreline uprush

Ž .velocity and, consequently, the maximum uprush elevation Eq. 6 . Such a reduction
might be expected when an incident bore starts to collapse in the presence of backwash
from a previous swash. In the present paper, Cs1.8 is found to provide a good
representation of the energy losses in the inner surf and swash zone for all cases

Ž .considered except case R4. For this case see below no interaction occurs between
sequential swashes and C is taken to be 2. Therefore, although C has a theoretical
value, in the model it may be treated as an empirical parameter, similar to empirical
friction or bore dissipation coefficients in most existing numerical surf and swash zone

Žmodels e.g., Battjes and Janssen, 1978; Packwood and Peregrine, 1981; Kobayashi et
.al., 1989; Baldock et al., 1998 .

Fig. 1. Simulation of overlapping swash events. Resultant shoreline motion, - - - underlying
individual swash events.
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4. Experimental set-up

4.1. WaÕe flume

The experiments were carried out in the large wave flume in the Civil Engineering
Department at Imperial College. This flume is 50 m long, 3 m wide and was used with a

Ž .working water depth of 0.9 m Fig. 2 . Waves were generated by a plane bottom-hinged
hydraulically-driven wave paddle which can generate both regular waves or random
waves up to frequencies of 2 Hz, with simultaneous absorption of short waves reflected

Ž .from the far end of the flume. A slope b of gradient 0.05 starts 32 m from the paddle,
rising to 0.1 in the surf and swash zones. The last 6 m of the flume are subdivided into
three sections, providing two working sections of width 0.9 m and a central section for
access to instrumentation. Wave reflections were comparatively small, with a reflection
coefficient measured in the outer surf zone of about 10–15%, although some uncertain-
ties may be introduced due to the presence of wave grouping and non-linear harmonics.
Recent work has also suggested that reflection coefficients may increase shoreward
Ž .Baquerizo et al., 1997 . All data were collected over a bed of glued down sand with a
d s0.5 mm.50

4.2. Instrumentation

The vertical elevation of the water surface was measured at the initial SWL position
using a modified surface piercing resistance type wave gauge with an absolute accuracy
of order "1 mm, enabling accurate measurements of the water depth down to 2 mm.
The shoreline motion was measured with a resistance type run-up wire fixed 3 mm
above the bed. These measurements have a relative accuracy of about 1 mm, but, due to
the finite thickness of the component wires, the absolute accuracy was estimated to be of
order 20 mm parallel to the bed.

4.3. WaÕe conditions

The present investigation considers the shoreline motion induced by three regular
wave trains, two bichromatic wave groups and three random wave simulations. In the
present paper we are primarily concerned with the wave conditions close to the
shoreline. These are shown in Table 1, where H is the crest elevation of the incidentB

Ž .bore measured at the initial SWL. For the random wave cases Jonswap spectra , H isB
Ž .taken as 6 8m and for the wave groups H is the maximum bore height within theo B

group. This bore height will therefore include any reflected wave energy, which may
introduce small errors into the model. The wave groups were generated using two
closely spaced harmonics of equal amplitude, resulting in a wave envelope modulated at

Ža frequency, f , equal to the frequency spacing. The surf similarity parameter Iribarrenm
.and Nogales, 1949 , based on offshore wave heights and deep water wavelength, is
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Table 1
Experimental wave conditions

Ž . Ž . Ž . Ž .Case T s , f Hz , T s H mm H rL Surf similarity, zm p B o o o

R1 1.0 22 0.07 0.37
R2 1.5 40 0.044 0.48
R4 2.5 34 0.01 1
M1 1.5, 0.08 48 0.042 0.49
M2 1.5, 0.15 52 0.042 0.49
J1 1.5 35 0.033 0.55
J2 1.5 34 0.027 0.61
J3 1.0 18 0.031 0.57

typically in the range 0.5 to 0.7, suggesting a combination of spilling and plunging
waves within the surf zone.

In the surf zone a combination of incident bound low frequency motions and free
long waves propagating seawards and shorewards due to surf beat may be expected. For

Ž .these wave conditions, Baldock et al. 1997 showed that the amplitude of the total low
frequency motion within the inner surf zone was only about 30% of that in the swash
zone. Consequently, there was an order of magnitude difference in the low frequency
energy levels between the inner surf and swash zones, whereas for standing long waves

Ž .a much smaller difference would be expected. Baldock et al. 1997 proposed that the
large increase in low frequency energy between the seaward limit of the swash zone and
that appearing in the run-up was largely due to wave grouping remaining in the inner
surf zone. Part of the purpose of the present paper is therefore to show that this effect
can be modelled using the simple approach described above.

For the random wave simulations, spectral characteristics were computed using an
8192 point FFT, sampled at 25 Hz and with smoothing over 20 adjacent frequency bins.
For the wave groups, spectral estimates were made using a 1024 point FFT, sampled at
25 Hz and with smoothing over 2 adjacent frequencies. Note that in this study both the
random wave and wave group data sets may be considered deterministic, and therefore
the spectral plots presented in Section 5 do not require the confidence limits associated
with stochastic processes.

5. Discussion of results

5.1. Monochromatic waÕes

Fig. 3a shows a regular sequence of incident bores and their associated shoreline
motion for case R4. Note that in this, and similar figures, the vertical elevation of the

Ž .water surface at the SWL xs0 and denoted by S is plotted on the right hand scale ofo

the figure and the data have been plotted so that the run-up elevation can also be read on
the same scale. The swash in this instance is just on the point of reaching saturation,
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Ž . Ž .Fig. 3. a Run-up and swash depth at xs0, case R4. P P P Run-up wire, S rhs , - - - predictedo
Ž . Ž .run-up limit Eq. 6 . b Measured and predicted shoreline motion and velocity, case R4. IIII Run-up

Ž . Ž . Ž .wire, X t , predicted Eq. 3 , ==== Shoreline velocity, measured rhs , - - - Shoreline velocity,s
Ž . Ž .predicted Eq. 3 rhs .

with T fractionally greater than T . The maximum run-up height is in good agreementS B
Ž .with the theoretical value obtained from Eq. 6 , suggesting that frictional effects over

Ž .this fixed bed are minimal see also Baldock and Holmes, 1997 . Excellent agreement
Ž .between the measured shoreline position and the predicted position from Eq. 3 with
Ž .Cs2 is shown on Fig. 3b, with negligible run-down below the initial SWL. Eq. 3 also

Žaccurately predicts the measured shoreline velocity plotted on the right hand scale of
.Fig. 3b , which is consistent with constant acceleration under gravity.

Examples of saturated swash under monochromatic conditions are shown on Fig. 4a
and Fig. 5a for cases R2 and R1, respectively. For case R2, although the incident bores
are larger than the previous case, significant overlap occurs between sequential swashes
and the amplitude of the swash motion has reduced significantly as the bore frequency
has been increased. For case R1, the incident bore frequency has increased sufficiently
to reduce the shoreline motion even further and in both cases the magnitude of the

Ž .shoreline motion is in reasonable agreement with Eq. 8 .
Fig. 4b and Fig. 5b show the simulations of the shoreline motion for these two cases

Ž .Cs1.8 . In each instance, the input to the simulation is simply the bore height
measured at the SWL, indicated on the figures. Note that due to instabilities inherent in
relatively steep Stokes’ waves, both cases show some deviation from uniform bore
conditions. Although the details of the shoreline motion are not reproduced exactly, the
overall behaviour of the model is consistent with the measured data, particularly for case
R2. However, for case R1, because the degree of overlap between sequential swashes is
so extreme, increasing the generation of turbulence at the seaward limit of the swash
zone, the assumptions in the model start to become invalid.
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Ž . Ž . Ž .Fig. 4. a Run-up and swash depth at xs0, case R2. P P P Run-up wire, S rhs . b Measuredo
Ž .and simulated run-up, case R2. - - - Run-up wire, simulated, IIII H rhs .B

5.2. WaÕe groups

Fig. 6a and b show similar simulations for the two wave groups, cases M1 and M2,
again with Cs1.8. The combination of incident wave swash and a slow modulation of
the shoreline position due to the wave grouping is well described by the simulation.

Ž . Ž . Ž .Fig. 5. a Run-up and swash depth at xs0, case R1. P P P Run-up wire, S rhs . b Measuredo
Ž .and simulated run-up, case R1. - - - Run-up wire, simulated, IIII H rhs .B
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Ž .Fig. 6. a Measured and simulated run-up, case M1. - - - Run-up wire, simulated, IIII HB
Ž . Ž .rhs . b Measured and simulated run-up, case M2. - - - Run-up wire, simulated, IIII HB
Ž .rhs .

However, again, small details of the motion may be incorrectly reproduced. For
example, for case M1, the simulation produces a swash event starting at ts9 s, whereas
the measured data shows that this event was nearly totally prevented by the preceding
backwash. A similar effect occurs at ts4 s for case M2. Nevertheless, given the
simplicity of the model, the agreement between the measured and simulated data is
striking.

It should be noted that at present the model does not attempt to reproduce run-down
below the initial SWL. This is because the input conditions for the model were only
available at this fixed position. Consequently, the calculations have been curtailed at the
SWL to avoid spurious infinite shoreline accelerations arising due to the jump from the
run-down position back to the SWL for the next incident bore. If both the bore height

Žand position of bore collapse had been, or were, available i.e., from video analysis,
.Hughes, 1995 , then run-down below the SWL could readily be included. However,

since the degree of run-down below the SWL is minimal for the present data sets, only
minor errors are introduced by this discrepancy.

Comparisons of the spectral characteristics of the measured and simulated data sets
are shown on Fig. 7a and b. For both cases M1 and M2, the spectral characteristics of
the measured and simulated data are very similar, with both main spectral peaks
predicted accurately. Therefore, since there is no direct low frequency input to the
run-up model, the correct prediction of the dominant spectral peak at the group
frequency, f , clearly suggests that the low frequency harmonics in the run-up arem

predominantly due to wave grouping and not due to long waves. Furthermore, the good
agreement between the measured and predicted spectral characteristics suggests that

Ž .energy losses due to turbulence which are not included in the model have little effect
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Ž .Fig. 7. a Power spectra of measured and simulated run-up, case M1. - - - Measured run-up,
Ž .simulated run-up. b Power spectra of measured and simulated run-up, case M2. - - - Measured run-up,

simulated run-up.

on the characteristics of the shoreline motion. This is because these energy losses
predominately occur seaward of the instantaneous shoreline through the interaction of
the incoming bore with the preceding backwash. In the present model, this can be

Ž .accounted for by varying the coefficient C in Eq. 2 .

5.3. Random waÕes

Comparisons between the measured and simulated shoreline motion for two random
Ž .wave cases, J1 and J3, are shown on Figs. 8 and 9, respectively Cs1.8 . Again,

although the simulation does not exactly reproduce the details of the shoreline motion,
the overall pattern is similar. Furthermore, the accuracy of the simulation does not

Ž .diminish over the length of the data set compare Figs. 8a,b and 9a,b . The shoreline
motion is therefore largely driven by individual incident bores and does not exhibit a
cumulative increase in additional harmonics due to true swash–swash interactions. In

Ž .addition, no accumulation of long wave energy not absorbed by the wave paddle is
apparent, which suggests that outgoing long wave energy is small. The simulation also
highlights particular features of the measured data. For example, on Fig. 8a, two swash
events overlap at tf55 s. This is only just visible in the measured data, where the
run-down is held up by the uprush due to the second of the two incoming bores. A

Ž .similar effect occurs at tf333 s Fig. 8b and, in general, overlapping swash events
tend to be smoothed in the measured data. This is to be expected, since the model does
not allow for explicit swash–swash interaction, whereas in reality this will occur.
Nevertheless, the lack of interaction in the model has little overall effect on the

Ž .simulated spectral characteristics see below . Note that the algorithm used to determine
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Ž .Fig. 8. a Measured and simulated run-up, case J1. - - - Run-up wire, simulated, IIII HB
Ž . Ž .rhs . b Measured and simulated run-up, case J1. - - - Run-up wire, simulated, IIII HB
Ž .rhs .

Ž .the incident bore height from the vertical elevation of the water surface at the SWL So
Žoccasionally misses an incident bore due to noise in the data record e.g., at tf315 s on

.Fig. 9b .

Ž .Fig. 9. a Measured and simulated run-up, case J3. - - - Run-up wire, simulated, IIII HB
Ž . Ž .rhs . b Measured and simulated run-up, case J3. - - - Run-up wire, simulated, IIII HB
Ž .rhs .
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Fig. 10a and b compare the spectral characteristics of the measured and simulated
data for cases J1 and J3, respectively. In each case, both spectra are dominated by low
frequency harmonics and the agreement is generally good, particularly for case J1. The
discrepancy between the measured and simulated data for case J3 appears largely due to
the neglect of run-down below the SWL in the model. This is generally greater for case

Ž .J3 compare Figs. 8 and 9 . However, the excellent agreement at low frequencies again
shows that the model is capable of reproducing the effects of wave grouping on swash
run-up. Therefore, since the model can simulate the low frequency characteristics of
swash motion with no direct long wave input, the assumption that the dominance of
infra-gravity energy in typical field data is largely due to standing long waves or edge

Ž .waves must be questioned, as also noted by Mase 1988 .
Very similar spectral characteristics result from a simulation using a Rayleigh p.d.f.

Ž .to describe the nearshore bore heights Thornton and Guza, 1983; Baldock et al., 1998 .
The simulation was carried out using a random sequence of bores with the same r.m.s.

Ž .bore height as case J1 and the same mean bore period T , randomly distributedz

between T "0.5 s. It is important to note that in this case there is no direct or indirectz

low frequency long wave input to the model, the input is simply a sequence of bores of
varying height and period. Fig. 11a shows a short segment of the simulated shoreline
motion and the spectral characteristics of this simulation are compared to those of case
J1 on Fig. 11b. The similarities between the measured data and purely simulated data is
very striking, particularly at low frequencies, although the spectral peak at the incident
bore frequency is slightly more pronounced. This appears to be due to the choice of the
frequency bandwidth of the incident bores. Consequently, with a simple model to
describe nearshore wave heights on a steep beach, where significant short wave energy
may remain in the inner surf zone, it appears possible to accurately simulate the
resulting swash energy levels.

Ž .Fig. 10. a Power spectra of measured and simulated run-up, case J1. - - - Measured, simulated.
Ž .b Power spectra of measured and simulated run-up, case J3. - - - Measured, simulated.
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Ž .Fig. 11. a Simulated run-up, Rayleigh p.d.f. for nearshore bore heights. Simulated run-up,
Ž . Ž .IIII H rhs . b Power spectra of measured and simulated run-up, case J1 compared to Rayleigh p.d.f.B

Ž .for nearshore bore heights. - - - Measured, simulated. c Power spectra of simulated run-up with
and without swash overlap, Rayleigh p.d.f. with overlap, – P – without overlap.

Ž . Ž .Carlson 1984 and Mase 1988 proposed that the low frequency components in the
swash were due to swash–swash interaction, leading to the generation of additional

Ž .run-up components. However, in both the simulations of Mase 1988 and the present
model there is no mechanism for true swash–swash interactions. These components
therefore arise, in part, due to the overlap of sequential swash events. However, it is not
necessary to have overlap between sequential swash events in order for these low
frequency components to arise in a harmonic analysis of the shoreline motion. For
example, Fig. 11c compares the spectral characteristics of the previous simulation using
the Rayleigh p.d.f. with a simulation using an identical sequence of incident bores but
with no overlap between sequential swashes, i.e., the run-up due to each bore does not
commence until the end of the preceding backwash. Note that again there is no direct or
indirect low frequency long wave input to the model. This comparison shows that about
80% of the low frequency energy is due to the variability in wave height and bore
period, with the remainder arising from the overlap of sequential swashes. Furthermore,
in both cases, the low frequency energy exceeds that at the incident bore frequency. The



( )T.E. Baldock, P. HolmesrCoastal Engineering 36 1999 219–242 237

Žgood agreement between the simulated and measured data for cases J1 and J3 Fig.
.10a,b and Fig. 11b clearly suggests that the predominant part of the apparent low

frequency energy in the swash is simply due to the variable height of the incident bores
and hence wave grouping in the nearshore.

Ž .This is consistent with recent work by Baldock et al. 1997 , who showed that low
frequency energy in the swash could be directly linked to modulations in the offshore
wave height. However, it is important to note that these effects will only occur if wave
grouping remains in the nearshore. If the inner surf zone is totally saturated, i.e., wave
grouping is totally destroyed, then low frequency energy in the swash is likely to be due

Ž .to free incident long waves e.g., Holland et al., 1995; Raubenheimer et al., 1995 .
Further work is, however, required on wave groupiness in the nearshore, since List
Ž .1991 shows that significant wave height variation is found even in a saturated surf
zone.

5.4. High frequency spectral characteristics

Ž . y4Mase 1988 originally showed that a parabolic shoreline motion will result in an f
Ž Ž ..spectral roll-off in the higher harmonics Eq. 12 . This is further illustrated on Fig.

Ž12a, which shows the power spectrum of a simulation of the run-up for case R4 see Fig.
.3a . However, in Section 3 it was shown that the energy of the saturated swash motion

y4 Ž .will also roll-off at f , with the spectral density given by Eq. 11 , and both effects
will contribute to the measured or simulated spectral characteristics. Comparisons

Ž .between the power spectra of the measured data, simulated data and Eq. 11 in the high
frequency region are shown on Fig. 12b–d. For case J1, both the measured data and

Ž .simulated data are in excellent agreement with Eq. 11 . Furthermore, if the energy in
Žthe saturated frequency band were due to cross-shore standing waves, then ´ f1 CarrierS

.and Greenspan, 1958; Raubenheimer and Guza, 1996 and the measured saturated
spectral density would be nearly an order of magnitude smaller than that predicted by

Ž . Ž .Eq. 11 . Similarly good agreement is found with Eq. 11 for the simulation using a
Ž . ŽRayleigh p.d.f. for the nearshore bore heights Fig. 12c and for cases J2 and J3 Fig.

.12d . These spectra all show characteristics typical of field data from both steep and
Žmildly sloping beaches e.g., Huntley et al., 1977; Guza and Thornton, 1982; Rauben-

.heimer et al., 1995; Raubenheimer and Guza, 1996 , which suggests that the simple
model proposed in Section 3 could be applicable to field conditions.

Ž .Finally, using Eq. 11 and given the spectrum of the water surface elevation just
seaward of the swash zone, the frequency at which the swash first becomes saturated
should be predictable. Accordingly, when the spectral density of the nearshore water

Ž .surface elevation, S , exceeds S f , the spectral density of the swash should exceedo B
Ž .S f . Furthermore, once swash saturation occurs, the spectral density of the waterS

Ž .surface elevation S and the run-up will tend to converge. Conversely, below theo

saturation frequency the spectral density of the swash should be less than that given by
Ž .Eq. 11 . This is illustrated on Fig. 13a and b for cases J1 and J3, respectively. Fig. 13a

shows that saturation is predicted to start at about 0.45 Hz. However, in this case there is
a spectral valley in the run-up spectrum at about 0.5 Hz, and therefore the measured

Ž .spectral density does not exceed S f at exactly this frequency. For case J3, theS
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y4Ž .Fig. 12. a Power spectrum of simulated parabolic run-up, case R4. - - - Simulated, f roll-off.
Ž .b Power spectra of measured and simulated run-up, case J1. - - - Measured, simulated,
Ž 2 4 4 .Ž . Ž .g b r720 f 1r d f . c Power spectra of measured and simulated run-up, case J1 compared to Rayleigh

2 4 4Ž .Ž . Ž .p.d.f. for nearshore bore heights. - - - Measured, simulated, g b r720 f 1r d f . d
2 4 4Ž .Ž .Power spectra of measured run-up, cases J1–J3. P P P J1, – P – J2, - - - J3, g b r720 f 1r d f .

Ž . Ž .saturation frequency appears better estimated, with both S f and S f crossing theB S
Ž .measured spectral density plots at the same frequency 0.65 Hz . In addition, the

Ž .predicted saturation frequencies calculated from Eq. 7 using the r.m.s. bore heights
given in Table 1 are 0.46 and 0.65 for cases J1 and J3, respectively, also in excellent

Ž .agreement with those predicted by Eq. 11 and the spectral density plots. Therefore, at
least for these cases, the saturation frequency of random wave swash can be accurately
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Ž .Fig. 13. a Power spectra and predicted saturation levels, case J1. - - - Run-up, – P – S ,o
Ž 2 4 4 .Ž . Ž 2 4 4 4 .Ž . Ž .g b r720 f 1r d f , – P – g b r128C f 1r d f . b Power spectra and predicted saturation levels,

2 4 4 2 4 4 4Ž .Ž . Ž .Ž .case J3. - - - Run-up, – P – S , g b r720 f 1r d f , – P – g b r128C f 1r d f .o

predicted using monochromatic swash parameters. Further analysis of existing field data
is required to determine if this is in general the case, although the good agreement

Ž .between the predicted values of ´ from Eq. 10 and the value obtained by Huntley etS
Ž .al. 1977 , ´ f2–3, suggests that it is probable.S

6. Conclusions

Experimental data on swash oscillations have been presented for regular waves, wave
groups and random waves and the data compared to numerical simulations and

Ž .theoretical predictions. The non-dimensional parameter Miche, 1951

av 2

´s 13Ž .2g b

is re-derived using the equations for the shoreline motion proposed by Shen and Meyer
Ž .1963 . For monochromatic short wave bores collapsing at the shoreline, two new
theoretical values of ´ are found: ´ f1.25, which gives the amplitude of the incidentB

bore which first results in swash saturation, and ´ f2.5, which describes the verticalS

amplitude of the shoreline motion at saturation. Theoretical predictions describing the
onset and spectral density of random wave saturated swash conditions are in good

Žagreement with the laboratory data, and are also consistent with previous data e.g.,
.Huntley et al., 1977 . This therefore suggests that the typical spectral characteristics of

random wave swash can be predicted from monochromatic parameters.
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The numerical simulations, based solely on the height and arrival time of short wave
Ž .bores at a fixed position here the initial SWL , provide a good overall description of the

shoreline motion induced by wave groups and random waves. Furthermore, although the
model does not include swash–swash interaction, and therefore some of the finer details
of the shoreline motion are not accounted for, comparisons between the measured and
simulated data sets suggest that such interactions have little overall effect on the swash.
Indeed, the spectral characteristics of the measured and simulated data sets show
excellent agreement for both the wave groups and the random wave cases.

The numerical simulations have been shown to reproduce the dominant low fre-
quency energy found in spectral analysis of the laboratory run-up data, and which is also
typically observed in field data. This is despite the fact that there is no direct low
frequency long wave input to the model. Furthermore, simulations based on a Rayleigh
p.d.f. for nearshore bore heights, which have no direct or indirect low frequency input,
also show very good agreement with the measured data. Hence, at least for these
experimental conditions, the low frequency components in a harmonic analysis of the
swash have been shown to be largely due to the effects of variable incident bore height
and not free incident long waves. In addition, overlap between sequential swashes is not
the principal reason for the appearance of this low frequency energy, wave grouping is
in itself sufficient. This implies that the dominance of low frequency energy in shoreline
run-up spectra, typically observed in field data from steep and mildly sloping beaches, is
likely to be due to both wave group effects and free incident long waves. The
importance of each process to the shoreline motion will therefore depend on conditions
in the surf zone.
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