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Abstract

Low-frequency waves in the surf and swash zones on various beach slopes are discussed using numerical simulations. Simulated

surface elevations of both primary waves and low-frequency waves across the surf zone were first compared with experimental data and

good agreement found. Low-frequency wave characteristics are then discussed in terms of their physical nature and their relationship to

the primary wave field on a series of sea bottom slopes. Unlike primary waves, low-frequency wave energy increases towards the

shoreline. Low-frequency waves in the surf and swash are a function of incident waves and the sea bottom slope and hence the saturation

level of the surf zone. Wave energy on a gently sloping beach is dominated by low-frequency waves while primary waves play a significant

role on a steep beach. Low-frequency wave radiation from the surf zone on a given beach depends on primary wave frequency and beach

slope. However, a very poor correlation was found between surf similarity parameter and low-frequency wave radiation.

r 2007 Published by Elsevier Ltd.
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1. Introduction

The presence of low-frequency waves in the surf and
swash regions is well established in the literature through a
vast number of field investigations and laboratory mea-
surements. Low-frequency waves play a very significant
role in water surface fluctuations and sediment mobility in
the surf and swash zones. Therefore, it is extremely
important to quantify them in understanding the evolution
of near-shore morphology and in the design of sea defence
and other coastal structures.

Low-frequency waves were first observed outside the surf
zone by Munk (1949). He suggested that they were caused
by the variability of mass transport by the incident waves
and named them as surf beat. Tucker (1950) cross-
correlated the incident short wave envelope and the low-
frequency wave. He found that there was a negative peak in
the cross-correlation function at a lag approximately
corresponding to the time required for the short wave to
travel to the shore and a low-frequency wave to return.
e front matter r 2007 Published by Elsevier Ltd.
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After the pioneering research by Munk (1949) and Tucker
(1950), a large number of filed investigations established
the significance of low-frequency wave motions in the near-
shore zone (Huntley et al., 1981; Guza and Thornton,
1985).
Following these observations, Longuet-Higgins and

Stewart (1962, 1964) proposed that the low-frequency
waves were generated due to non-linearity of the primary
waves and remain bound to the primary wave groups. They
also suggested that surf beat was consistent with the release
of this bound wave during breaking of primary waves and
subsequent reflection from the shoreline.
Symonds et al. (1982) proposed a model for low-

frequency wave generation due to the time-varying break-
point of primary waves. According to their theory,
resulting low-frequency wave height is proportional to
the height of incident primary waves. This model proposed
that the low-frequency wave generated due to time-varying
breakpoint radiates both seaward and shoreward. The
shoreward propagating low-frequency wave subsequently
reflects at the shoreline.
Schäffer (1993) developed a theory describing low-

frequency wave generation in the near-shore. He identified
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Nomenclature

B frequency dispersion parameter
f incident wave frequency
fm mean frequency of bichromatic wave groups
g acceleration due to gravity
GF wave group factor
GF0 wave group factor at offshore
h still water depth
hc water depth at which the slot begins
H0 deepwater wave height
Hs significant wave height of short waves
Hl low-frequency wave height
(Hlsw)max maximum low-frequency swash excursion

L0 deepwater wave length
P volume flux
R surface roller of breaking waves
Rc radiation coefficient
s beach slope
S(f) wave spectrum
t time
x distance offshore from still water line
d relative slot width w.r.t. unit beach width
Df frequency interval of bichromatic wave groups
Z surface elevation
Zsw vertical elevation of swash
l shape parameter
x surf similarity parameter
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three causes of low-frequency wave generation; forcing
outside the surf zone, time variation of the wave break
point and transmission of the remaining wave groupiness
in the surf zone.

Baldock et al. (1999) and Baldock and Huntley (2002)
measured time-varying breakpoint generated low-fre-
quency waves using bichromatic wave groups and random
waves in a wave flume and confirmed that the generation of
low-frequency waves depends on the normalised width of
the surf zone as suggested by Symonds et al. (1982). They
confirmed that the low-frequency wave generation is
dependent on the normalised width of the surf zone as
suggested by Symonds et al. (1982). Baldock and Huntley
(2002) also found that the breakpoint variability in the surf
zone as the dominant forcing mechanism of generating
low-frequency waves from steep incident short waves.

Karunarathna and Tanimoto (1995,1996) discussed low-
frequency waves on coastal shelves with a steep seaward
face. They found substantial water surface fluctuations on
coastal shelves at the frequency of primary waves.
Karunarathna et al. (2005) discussed low-frequency waves
in the swash and found that swash motions on gentle slopes
are dominated by low frequency waves.

Primary wind or swell waves are transformed into a
range of low-frequency waves due to wave breaking, the
variability of break point within the surf zone and the
variation of sea bottom bathymetry. Since the short wave
breaking is strongly influenced by the sea bottom
bathymetry, low-frequency waves on mild sandy beaches
are expected to be significantly different from those on
steep shingle or mixed beaches.

This paper discusses low-frequency waves in the surf and
swash regions on a variety of plane beaches covering mild
to steep sea bottom slopes. The discussion is based on
numerically derived results of low-frequency waves. The
relationship between low-frequency waves and dissipation
of primary waves together with the evolution of incident
wave groupiness in the near-shore is also investigated. The
numerical model used in the present study is first validated
against experimental data on primary water surface
elevations in the surf and swash and then against
experimentally derived data on low-frequency waves in
the surf zone. Then, a series of numerical experiments was
carried out to investigate low-frequency waves and their
relationship with the incident primary wave field. The
paper unifies the previous laboratory and field investiga-
tions and theoretical developments of low-frequency waves
in the surf and swash zones.
Section 2 of the paper gives a brief description of the

numerical model used in the present study with the
boundary conditions. In Section 3, the validation of the
model against experimental data is presented. Section 4
gives results and discussion of numerical experiments.
Section 5 draws conclusions based on the findings from the
results shown in Section 4.

2. Numerical model

2.1. Governing equations

The numerical wave model used in the present study
solves the weakly non-linear 1D Boussinesq equations
derived by Madsen et al. (1991, 1997a, b) with a surface
roller to accommodate wave breaking and dissipation. The
governing equations of continuity and conservation of
momentum flux in terms of surface elevation Z and volume
flux P are given by
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where R, is the surface roller, h the still water depth, B the
frequency dispersion parameter and g the acceleration due
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to gravity. Parameters g and A, which are related to the
shoreline boundary are described in Section 2.2.

2.2. Boundary conditions

The model uses an internal wave generation routine at
the offshore boundary. Waves propagated seaward of the
generation boundary are absorbed by a dissipating sponge
layer. The thickness of the sponge layer exceeded twice the
length of the longest wave generated for the simulations.
The model is capable of generating solitary waves, cnoidal
waves, regular waves, random waves with two defined
energy spectra and fully or partially modulated bichro-
matic wave groups.

A moving shoreline is established at the shoreward
boundary by using the ‘slot’ technique developed by
Kennedy et al. (2000). The change in unit width of the
beach due to the incorporation of a slot is parameterised by
the g(Z) and A in Eqs. (1) and (2) where

gðZÞ ¼
1; Z4z�;

dþ ð1� dÞel=h0ðZ�z�Þ; npz�;

(
(3)

A ¼

ðZ� z�Þ þ dðz� þ h0Þ

þ
h0ð1� dÞ

l
ð1� e� lð1þ z�=h0ÞÞ; Z4z�;
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h0ð1� dÞ

l
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þ
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where d is the relative width of the slot with respect to the
unit width of the beach, l is the shape parameter which
controls the smooth transition of cross-sectional area from
unit width of the beach to narrow slot. h0 is the water depth
where the slot begins.

The full description of the numerical wave model,
selection criterion of suitable slot parameters, numerical
stability of the model and a sensitivity analysis of slot
parameters are given in Karunarathna et al. (2005).

2.3. Numerical wave channel

Numerical simulations were carried out in a numerical
wave flume shown in Fig. 1. For the results discussed in
Numerical wave pro

Layer
Sponge

10m 

1.0m 

Fig. 1. Numerical
Section 3 (except simulations used for model validation),
offshore water depth was maintained at 1.0m. Numerical
simulations were carried out on three different plane
beaches with 1:10, 1:20 and 1:30 slopes, covering a wide
spectrum of natural beaches including shingle, mixed grain
and sand beaches. A horizontal sea bed of 10m was
maintained between the internal wave generation boundary
and the foot of each slope. The beach slope extended up to
0.2m above the still water shoreline and then followed by a
2.0m wide horizontal section. Sponge layers, which were
two wave lengths wide, were incorporated at both offshore
and shoreline boundaries to dissipate wave energy propa-
gating offshore and wave energy propagating through the
slot. The spatial resolution of the computations was 0.05m
while the time step was 0.01 s.
3. Model validation

Model performance regarding propagation of short
wave groups on various beach slopes is given in Karunar-
athna et al. (2005). Primarily, the model results are
compared with two sets of experimental data of regular
waves and bichromatic wave groups. The first set of data,
which was collected by Mase (1994, 1995) covers bichro-
matic wave groups propagating across a 1:20 beach. The
incident bichromatic waves were fully modulated. Bichro-
matic wave groups with two different energy levels and
three different frequencies covering six wave cases were
considered for comparison. The second set of data was
collected at Imperial College (Baldock et al., 1997).
The measurements were carried out on a 1:10 beach slope.
The entire set of data contains two cases of regular waves,
two cases of bichromatic groups and two cases of irregular
waves.
Fig. 2 compares numerical predictions with Mase’s

(1994, 1995) experimental data at three different water
depths along the channel. Measured surface elevations of
primary wave groups (Z) in the surf zone and associated
swash excursions are compared with numerical results. The
incident waves were fully modulated bichromatic groups
with a primary frequency f ¼ 0.6Hz and a frequency
interval Df ¼ 0.06Hz. Waves propagated at a 0.47m water
depth before reaching the 1:20 beach slope. The simulated
results are in very good agreement with the measured data.
Further comparisons and root mean square errors of
numerical results can be found in Karunarathna et al.
bes 

Beach Sponge
Layer

wave channel.
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Fig. 2. Comparison of measured and simulated surface elevation in the

surf zone and swash. fm ¼ 0.6Hz, Df ¼ 0.06Hz. (a) h ¼ 7.5 cm, (b) 2.5 cm,

(c) vertical swash excursion. Dark line—simulated, faint line—measured

(Mase, 1995).
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Fig. 3. Low-frequency wave across the surf zone. f ¼ 0.6Hz and

frequency interval Df ¼ 0.1Hz. Dark line—simulated, faint line—mea-

sured (Mase, 1995).
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Fig. 4. Low-frequency wave across the surf zone. f ¼ 0.6Hz and

frequency interval Df ¼ 0.05Hz. Dark line—simulated, faint line—

measured (Mase, 1995).
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(2005). It can be seen that the model predicted surface
elevations of primary waves in the surf zone and swash
excursions with less than 11% root mean square error.

The spatial distributions of simulated low-frequency
wave amplitudes on a 1:20 sea bottom slope were then
compared with experimentally derived low-frequency
waves. The experimental results were from Mase (1995).
This data contained surface elevations measured across the
surf zone at 12 locations with surface piercing wave gauges
and swash oscillations measured using a run-up meter. The
incident bichromatic waves were fully modulated. Offshore
water depth was kept at 0.47m and the experimental setup
had a 10m long region of constant water depth prior to the
commencement of the slope. The experiments covered a
range of incident wave groups with various primary wave
frequencies, frequency intervals and wave heights. The fast
Fourier transform (FFT) had been used to analyse surface
elevation time series containing 2048 data points with a
40Hz sampling frequency to derive low-frequency wave
amplitudes from the surface elevations of the primary
waves. The normalised low-frequency wave amplitudes
were then computed as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sðf maxÞ

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ssðf maxÞ

p
, where

S(fmax) is the energy density of the low-frequency wave,
Ss(fmax) is the energy density of the corresponding swash
oscillation and fmax is the measured peak frequency of the
swash oscillations.

Figs. 3 and 4 present comparisons of the experimentally
derived and numerically reproduced spatial distribution of
normalised low-frequency wave amplitudes for the follow-
ing two wave cases: Case (A)—bichromatic wave groups
with primary frequency f ¼ 0.6Hz and frequency interval
Df ¼ 0.1Hz and Case (B)—bichromatic wave groups with
primary frequency f ¼ 0.6Hz and frequency interval
Df ¼ 0.05Hz. The low-frequency wave amplitudes were
normalised against the amplitude at the still water shoreline.
It can be seen in the above two figures that the model

accurately reproduces the low-frequency waves. The average
root mean square error of low-frequency wave amplitude
[ððZSl � ZMl Þ

2=ðZMl Þ
2
Þ
1=2, where ZSl and ZMl are simulated and

measured low-frequency wave amplitude, respectively]
across the surf zone for Cases (A) and (B) were 11% and
10%, respectively, which indicates that the model repro-
duces low-frequency waves with good accuracy.

4. Results and discussion

This section of the paper presents the results and
discusses low-frequency waves in the surf and swash zones
on various different sea bottom slopes. The incident
primary waves used in this study were fully modulated
bichromatic wave groups with closely spaced frequency
components. The resulting wave groups have an envelope
modulated at a frequency equal to the frequency spacing of
the component waves. Table 1 lists the bichromatic wave
groups used for the following discussions. The amplitude
of each primary wave component was kept at a constant
value of 0.05m for all cases presented in this paper. The
incident wave conditions were carefully selected to cover
spilling to surging type wave breakers. Table 2 shows surf
similarity parameters (x) of the incident waves.
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Table 1

Incident bichromatic wave groups used for discussion

Wave case Mean frequency f (Hz) Df (Hz)

1 0.4 0.04

2 0.6 0.06

3 0.8 0.08

Table 2

Surf similarity parameters of incident waves

f (Hz) H0/L0 x at 1:10 x at 1:20 x at 1:30

0.4 0.010 1.00 0.50 0.333

0.6 0.023 0.659 0.329 0.220

0.8 0.041 0.479 0.494 0.164
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Fig. 5. Cross-shore variation of primary wave height. (a) s ¼ 1:30,

(b) s ¼ 1:20, (c) s ¼ 1:10.
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Low-frequency waves were calculated on 1:10, 1:20 and
1:30 beach slopes using the FFT technique and band-pass
filtering of the simulated surface elevation time series of the
primary wave groups. All surface elevation time series used
in the present study contained 4096 data points sampled at
a 100Hz frequency interval.

Fig. 5 shows the numerical results of the spatial
distribution of primary short wave heights (Hs) across the
surf zone for all wave cases given in Table 1. Note that (a),
(b) and (c) correspond to beach slopes 1:10, 1:20 and 1:30,
respectively. The furthest offshore location of the depth
limited wave breaking point is pushed towards the still
water shoreline with increasing sea bottom slope. The outer
breaking point of the primary waves varied between 8.0
and 1.5m from the still water shoreline. The amount of
short wave energy left at the still water shoreline varies
considerably with the bottom slope where steep slopes with
narrow surf zones possess higher wave energy near the
shoreline.

Fig. 6 shows cross-shore variation of total low-frequency
wave height (Hl) corresponding to the primary waves
shown in Fig. 5. Low-frequency waves were derived in a
finite frequency band within 70.01Hz of the mean
frequency of the primary waves. In the inner surf zone
between the wave breaking point and the beach, low-
frequency wave energy is mainly comprised two compo-
nents: low-frequency wave energy generated due to the
time-varying wave breaking point and the bound low-
frequency wave energy. The dominance of one over the
other depends on the intensity of wave breaking and the
remaining groupiness of the primary waves in the inner surf
zone. As opposed to the primary wave energy, low-
frequency wave energy increases across the surf zone
towards the still water shoreline. In some cases, low-
frequency wave energy at the still water shoreline reached
as high as 12 times its offshore counterpart. A general
trend of increasing low-frequency wave energy at the still
water shoreline was found with the decreasing sea bottom
slope. On gentle slopes, the time-varying breakpoint
generated low-frequency waves dominate due to the high
intensity of wave breaking and the presence of a wide surf
zone. It can also be seen that the low-frequency wave
energy near the beach depends on the mean frequency of
primary wave groups. Higher low-frequency wave energy
was observed at lower primary wave frequencies.
Fig. 7 shows the cross-shore variation of wave height

ratios of low-frequency and primary waves (Hl/Hs). It can
be seen that the height of low-frequency waves in the inner
surf zone is larger than that of the local primary waves
except on the 1:10 beach where a significant proportion of
the primary wave energy is preserved in the inner surf zone.
The wave height ratio increases as beach slope becomes
gentler. At the still water shoreline on the 1:30 slope, the
low-frequency wave height could be more than 2.5 times
the local primary wave height. This indicates the fact that
the inner surf zone of a mild beach, where the surf zone is
in near saturation, is driven mainly by the low-frequency
wave energy. On the other hand, on steep beaches, where
the surf zone is only partially saturated, both primary
waves and low-frequency components have similar con-
tributions to the surface fluctuations.
The low-frequency wave height distribution has a non-

linear relationship with the height of depth limited primary
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waves in the inner surf zone. The wave group structure of
the primary waves breaks down which leads to a
dissipation of the bound low-frequency waves. Bound
low-frequency waves maintain a non-linear relationship
with primary waves at the offshore. With the dissipation of
bound waves, low-frequency waves generated due to the
time-varying break point begin to dominate the surf zone
which shows a near linear relationship to the primary
waves preserved in the surf zone. The local primary wave
groupiness (GF) across the surf zone as a fraction of
offshore wave groupiness (GF0) is shown in Fig. 8 for a
mean primary frequency of 0.6Hz and for bottom slopes
1:30, 1:20 and 1:10. The height ratio of low-frequency and
primary waves is also included in the figure for convenience
of comparison.

Wave groupiness in the above figures is derived by the
expression (List, 1991)

GF ¼

ffiffiffiffiffiffiffiffi
2sA

p

AðtÞ
, (6)

where GF is the wave groupiness factor, sA and AðtÞ are
the standard deviation and mean of the wave group
envelop function derived from the surface elevation time
series of primary wave groups. Surface elevation time series
containing 4096 data points at a 200Hz frequency interval
were used to derive wave groupiness. It can be seen in
Fig. 8 that almost 75% of the primary wave groupiness is
preserved at the still water shoreline of a 1:10 beach
whereas not more than 30% of the groupiness remains at
the same location on a 1:30 beach.
To confirm the relationship between primary wave

groupiness and the low-frequency waves in the inner
surf zone, wave energy spectra at the inner surf zone were
then investigated. Fig. 9 shows the wave spectra (s(f)) at
the still water shoreline on 1:30 and 1:10 beach slopes
at the primary mean frequency of 0.6Hz. In Fig. 9(a), very
little primary wave energy remains at the still water
shoreline of 1:30 slope. The low-frequency wave energy
remaining at the same cross-shore location is an order of
magnitude higher than that of primary waves. In contrast,
on the 1:10 slope, the wave energies at both primary
frequency and low-frequency are of the same order of
magnitude.
The significance of low-frequency waves in driving swash

excursions (Zsw) is seen in Fig. 10. Vertical swash displace-
ment time histories on 1:30, 1:20 and 1:10 beach slopes are
presented for f ¼ 0.6Hz and Df ¼ 0.06Hz. As extensively
discussed in Karunarathna et al. (2005), swash fluctuations
on mild slopes are predominantly driven by wave energy at
the frequency of the primary wave groups. On steep slopes,
a significant proportion of short wave energy contributes to



ARTICLE IN PRESS

0.0

0.5

1.0

1.5

0 5 10 15 20 25 30
x (m)

Hl/Hs

GF/GFo

1:30

0.0

0.5

1.0

1.5

0 5 10 15 20
x (m)

Hl/Hs

GF/GF

1:20

0.0

0.5

1.0

1.5

0 2 4 6 8 10
x (m)

H
l/

H
s, 

G
F

/G
Fo

H
l/

H
s, 

G
F

/G
Fo

H
l/

H
s, 

G
F

/G
Fo

Hl/Hs

GF/GFo

1:10

Fig. 8. Cross-shore variation of wave groupiness (GF) (fm ¼ 0.6Hz).

(a) s ¼ 1:30, (b) s ¼ 1:20, (c) s ¼ 1:10.

0.001

0.01

0.1

1

10

0.0 0.4 0.8 1.2 1.6
f (Hz)

s(
f)

*1
0-

3(
m

2s
) 

1:30

0.001

0.01

0.1

1

10

0 0.4 0.8 1.2 1.6

f (Hz)

s(
f)

*1
0-

3(
m

2s
) 

1:10

Fig. 9. Wave energy spectra at still water shoreline at fm ¼ 0.6Hz,

Df ¼ 0.06Hz. (a) s ¼ 1:30, (b) s ¼ 1:10.

-0.02

0.00

0.02

0.04

5 10 15 20 25 30 35 40

Time (sec)

5 10 15 20 25 30 35 40

Time (sec)

5 10 15 20 25 30 35 40

Time (sec)

1:10

-0.02

0.00

0.02

0.04
1:20

-0.02

0.00

0.02

0.04
1:30

η s
w

 (m
)

η s
w

 (m
)

η s
w

 (m
)

Fig. 10. Vertical swash displacement. fm ¼ 0.6Hz, Df ¼ 0.06Hz. (a) s ¼ 1:30,

(b) s ¼ 1:20, (c) s ¼ 1:10.

H. Karunarathna, A.J. Chadwick / Ocean Engineering 34 (2007) 2115–2123 2121
drive swash motions and individual swash events driven by
short waves become more significant.

The low-frequency component of swash was separated
from the total swash signal by FFT and band-pass filtering.
The maximum low-frequency swash excursion [(Hlsw)max]
against beach slope is plotted in Fig. 11. It can be seen that
the low-frequency component of the swash excursion
reduces with the increase in bottom slope irrespective of
the mean frequency of the incident wave groups. The low-
frequency component of the swash magnitude depends
mainly on the breakpoint generated low-frequency wave
and therefore, is related to the wave breaking mechanism
and the width of the surf zone. Gentle slopes, where wave
breaking point oscillates within a wide distance between
the shoreline and the outer wave breaking point, generate
higher low-frequency energy than that of steep slopes with
narrow surf zones.

Low-frequency waves across the surf zone were then
separated into incident and out-going components to
investigate the radiation of low-frequency energy at wave
breaking and reflection from the shoreline. The separation
was carried out using the method presented by Baldock
and Simmonds (1999). The method uses normally incident
wave signals from spatially separated sensors over a
sloping bottom.
Out-going free low-frequency waves are generated

shoreward of the outer wave breaking point due to the
time-varying wave breaking position in the surf zone and
the change in bottom bathymetry. For fully modulated
wave trains where the breaking zone extends up to the still
water shoreline, radiated out-going low-frequency waves
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can exist within the entire surf zone, irrespective of the
reflection of low-frequency waves from the shoreline.

Fig. 12 shows the ratio of outgoing to incident low-
frequency waves Rc (radiation coefficient, Baldock et al.,
2002) for all three slopes considered in this paper (s1—1:30,
s2—1:20 and s3—1:10). Low frequency wave amplitudes
were obtained from the low-frequency wave energy spectra.
The offshore value was calculated at the foot of the beach
slope where the bottom slope meets the horizontal section
of the numerical wave channel. It is seen that the value of
Rc increases with increasing mean frequency of the primary
wave groups. Higher frequencies lead to a wider surf zone
where the position of wave breaking oscillates within a
large distance, thus radiating a large proportion of low-
frequency energy in both onshore and offshore directions.

In order to investigate the combined effect of beach slope
and the incident wave conditions on low-frequency wave
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radiation, the radiation coefficient offshore is drawn
against the surf similarity parameter x ¼ tan a=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H0=L0

p
in Fig. 13. No apparent correlation is found between the
two quantities. This indicates the fact that low-frequency
waves maintain a complex relationship with primary wave
conditions and beach slope.
The radiation coefficient (Rc) at the still water shoreline

against mean frequency is shown in Fig. 14. A downward
trend of Rc is shown with increasing primary wave
frequency. With the primary wave groups selected for the
present study, wave groups with the largest mean frequency
have the highest group frequency. The offshore directed
low-frequency wave at the still water shoreline mainly
comprised the low-frequency wave reflected from the
beach. Long wave reflection from the beach is highest at
the lowest group frequency and therefore gives the largest
radiation coefficient.

5. Conclusions

A phase resolving Boussinesq type numerical wave
model is used to investigate low-frequency waves in the
surf and swash zones of various sea bottom slopes.
Numerical simulations of surface elevations of both
primary waves and low-frequency waves across the surf
zone were first compared with experimental data and good
agreement found. A series of numerical experiments were
then performed to derive low-frequency waves generated
from fully modulated bichromatic waves propagating on
various sea bottom slopes. Low-frequency wave character-
istics are then discussed in terms of their physical nature
and the relationship to the primary wave field on a series of
sea bottom slopes.
Unlike primary waves, low-frequency wave energy

increases across the surf zone and on certain occasions
low-frequency waves as high as 12 times its offshore
counterpart were found at the still water shoreline. Gentle
beach slopes in general gave the largest amplification of
low-frequency waves across the surf zone. On gentle slopes,
the time-varying breakpoint generated low-frequency
waves which dominate the energy in the low-frequency
band due to high intensity of wave breaking and the
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presence of a wide surf zone. At the still water shoreline of
the 1:30 beach, the height of the low-frequency wave was
2.6 times that of the local primary waves at the mean
frequency of 0.8Hz and was more than 1.4 at its lowest. On
steep beaches, where the surf zone is only partially
saturated, low-frequency wave height at the still water
shoreline varied between 0.5 and 1.0 times that of local
primary waves.

Swash fluctuations on mild slopes are predominantly
driven by wave energy at the group frequency. On steep
slopes, a significant proportion of short wave energy
contributes to drive swash motions and individual swash
events driven by short waves become more significant. The
low-frequency component of the swash excursion reduces
with an increase in bottom slope irrespective of the mean
frequency of the incident wave groups.

Low-frequency wave radiation from the surf zone on a
given beach slope depends on the mean frequency of the
primary waves. Higher primary frequencies which lead to
wider surf zones tend to radiate more low-frequency wave
energy in the offshore direction. No apparent relationship
is observed between the radiation of low-frequency waves
and the surf similarity parameter which primarily indicates
the complex relationship of low-frequency waves with
incident waves and bottom bathymetry.

Swash motions and low-frequency water surface fluctua-
tions predominantly drive sediments on steep beach slopes.
Therefore, the results found in this research will be very useful
in studying morphodynamics of the surf and swash zones and
hence planning and design of shore protection schemes.
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Madsen, P.A., Sørenson, O.R., Shäffer, H.A., 1997b. Surf zone dynamics

simulated by a Boussinesq type model. Part II: surf beat and swash

oscillations for wave groups and irregular waves. Coastal Engineering

32, 289–319.

Mase, H., 1994. Uprush-backrush interaction dominated and long wave

dominated swash oscillations. In: Proceedings of International

Symposium: Waves-Physical and Numerical Modelling, Vancouver,

Canada, pp. 316–325.

Mase, H., 1995. Frequency downshift of swash oscillations compared to

incident waves. Journal of Hydraulic Research 33 (3), 397–411.

Munk, W.H., 1949. Surf beats. Transactions—American Geophysical

Union 30, 849–854.
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