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INTRODUCTION

The action of waves on the beach face, termed
swash, provides the principal mechanism for sed
iment exchange between the subaqueous and sub
aerial zones of the beach system. A complete un
derstanding of the morphological behaviour of
beach systems requires detailed investigations of
the swash zone, particularly in relation to the in
teraction between fluid and sediment. The study
reported here contributes to this field of inves
tigation by examining the capacity of the non
linear shallow water theory to describe wave be
haviour in the swash zone of natural beaches.

Water motion in the swash zone is generally
caused by a quasi-steady super-elevation of the
water surface above the still water level, which is

known as set-up, and wave driven oscillations
about this set-up level, which are known as swash
(GUZA and THORNTON, 1982). Swash oscillations
occur over a range of frequencies, but can gen
erally be grouped into three categories according
to the most energetic wave frequency operating
in the inner surf zone. The first category are in
fragravity waves, which have periods typically be
tween 30 and 300 sec (HOLMAN, 1981). The second
category are the higher frequency, sub-harmonic
edge waves which have periods twice that of the
incident waves; typically 15 to 25 sec (WRIGHT,

1982). The third category of swash oscillations are
directly associated with the uprush and backwash
of incident waves, and have periods typically be
tween 5 and 15 sec (BRADSHAW, 1980).

This study specifically addresses swash pro
duced by incident waves breaking on sandy
beaches. Water surface elevation and velocity 1
spectra measured in the inner surf zone and swash

The non-linear shallow water theory is believed to be capable of describing many features of wave
behaviour in the coastal zone. A set of solutions to the governing equations exists for swash following
bore collapse on a hydraulically smooth and impermeable beach. These solutions predict that the maximum
swash height is proportional to the square of the initial shoreline velocity, the locus of shoreline position
through time is parabolic, the maximum swash depth at any position on the beach is a quadratic function
of its distance from the initial shoreline position, the maximum swash depth at any position on the beach
occurs before the time of maximum uprush, and a retrogressive bore forms in the backwash.

All of these predictions have been observed in field data collected from a number of sandy beaches in
southeast Australia. However, the theory consistently over-predicted the magnitude of the parameters
measured. Evidence is presented to suggest that this discrepancy is due to the effects of friction and
infiltration acting on the swash lens, which are not initially accounted for in the theory. If the available
evidence is accepted, then the combined effects of friction and infiltration on a sandy beach serve to
reduce the maximum swash height to approximately 65lJ~} of that expected from theory.

Aside from the theoretical over-prediction of the magnitude of the swash parameters measured, the
gross flow behaviour of the uprush on a rough and permeable beach face appears to be successfully
described by the inviscid theory. There is some promise, therefore, for successfully modelling the effects
of friction and infiltration within the framework provided by the theory. Unfortunately the backwash
stage of the swash cycle is not so well predicted. It seems that a better understanding of both the backwash
bore and the behaviour of granular-fluid flows is required hefore the backwash is successfully modelled.
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THEORETICAL BACKGROUND

The Non-Linear Shallow Water Equations

The first-order, non-linear shallow water eq ua
tions (SWE) are deemed suitable for modelling
two dimensional water motion in the vicinity of
the beach (STOKER, 1957; PEREGRINE, 1972). The
depth integrated equations describing conserva
tion of mass and momentum are

and becomes the leading edge of the swash lens
(Figure 1). The uprush stage of the swash cycle
is complete when the moving shoreline (or leading
edge of the swash lens) has climbed to its point
of maximum landward displacement. Following
the uprush stage, the shoreline begins to return
seaward, thus initiating the backwash stage. This
stage is completed when the shoreline returns to
its initial position. The initial shoreline position
for the swash cycle migrates back and forth across
the beach face with the passage of infragravity
waves and the tide. The period of this migration
is typically at least an order of magnitude larger
than the incident swash cycle, thus the initial
shoreline position for a single swash period can
be considered stationary.

Significant advances have been made to date
in applying the non-Iinear shallow water theory
to the study of swash. By proving a set of lemmas
and corollaries, Ho and MEYER (1962) and SHEN
and MEYER (1963) used the theory to obtain so
lutions for bore propagation, shoreline displace
ment, shoreline velocity, swash height and ge
ometry of the swash lens. Subsequent studies have
examined the implications of this analytical work
using numerical techniques (e.g. FREEMAN and
LEMEHAUTE, 1964; AMEIN, 1966), and experimen
tal techniques in both the laboratory (e.g. KISHI
and SAEKI, 1966; MILLER, 1968) and to a limited
extent in the field (WADDELL, 1973; BRADSHAW,
1982).

In order to expand the limited field application
of the theory the aim here is to quantitatively
compare the non-linear shallow water theory's
predictions for swash following bore collapse
against field data collected on a number of nat
ural, sandy beaches.

(2)

(1)

au au dY/- + u- + g- = 0at ax ax

_a[_U_(1J_+_h_}] + dY] = 0
ax at

and

Figure 1. Definition of terms that relate to the swash cycle.
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zone on a wide range of beaches have shown that
significant amounts of energy exist at incident
wave frequencies near the shoreline (BRADSHAW,
1980; WRIGHT and SHORT, 1984; WRIGHT et al.,
1986). More specifically, these researchers have
demonstrated that incident waves are important
in the inner surf zone and swash zone on Wright
and Short's reflective and intermediate beach
states; namely the 'low tide terrace', 'transverse
bar and rip', 'rhythmic bar and beach' and 'long
shore bar and trough' states. Their 'dissipative'
beach state is not considered here, due to the
nearly complete dissipation of incident wave en
ergy near the shoreline on these beaches.

Cursory observations of incident waves on re
flective and intermediate beaches indicate that
the swash oscillations frequently span the entire
beach face ii.e. beach step to berm crest). This
suggests that they must playa significant role in
shaping the morphology in this zone, particularly
during slight to moderate energy conditions when
infragravity waves in the surf zone are least im
portant. Observations of incident bores propa
gating across the surf zone and beach face on an
infragravity wave crest, to cause substantial fore
dune scarping during storms (WRIGHT, 1980), sug
gest that incident swash may still be important
even under high energy conditions when infra
gravity waves are dominating the surf zone energy
spectrum.

For the specific purposes of this study, the swash
cycle is defined to begin when a surf zone bore
arrives and col1apses at the initial shoreline po
sition, at which time the shoreline is set in motion
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Bores in the Inner Surf Zone

Bores form in the inner surf zone of WRIGHT
and SHORT'S (1984) intermediate type beaches,
following a wave transformation stage, from ei
ther a non-saturated breaker or a plunging break
er (COWELL, 1982). On these beaches bores pro
vide the initial impetus for the swash cycle.
PEREGRINE (1966) classified bores as either un
dular or fully developed, depending on the ratio
of bore height to water depth upstream of the
bore. The discussion is restricted here to fully
developed bores as these were the only type pres
ent during the experiments. A fully developed bore
occurs when the bore height to water depth ratio
is greater than 0.75. It is generally recognized by
its step-shaped profile and intense turbulence on
the shoreward face.

In the case of a fully developed turbulent bore
propagating over a sloping beach, laboratory ex
periments indicate that as a first approximation,
deviations from hydrostatic pressure and the ef
fects of bed friction are negligible (SVENDSEN and
MADSEN, 1984; SVENDSEN, 1987). The velocity of
the bore front, Vb' can therefore he written as

(STOKER, 1957), where u is the horizontal water
velocity, 1] is the water surface elevation relative
to the still water level, h is the still water depth,
x is the horizontal distance in the direction of
wave propagation, t is the time and g is the grav
itational acceleration constant. The SWE assume
that: (1) The water surface slope is not much larg
er than the beach slope (i.e. the wave is long), (2)
the water pressure is hydrostatic, (3) the vertical
distribution of horizontal water velocity is uni
form, and (4) the fluid is inviscid, incompressible
and irrotational.

Progressive waves that can be described by the
SWE steepen as they shoal towards the beach
(GREENSPAN, 1958; COWELL, 1982). The concomi
tant change in water particle acceleration and sur
face slope thus leads to a violation of the first
three assumptions of the theory. Analysis of the
wave motion beyond the point where the water
surface slope becomes too steep requires the ad
hoc inclusion of some theory to describe the prop
agation of the wave crest while the SWE are ap
plied outside the wave crest region. The tradi
tional approach used in the literature to date is
to adopt bore theory.

(4)
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Ub =
ghl(ho + hi)

2ho
(3)

and the water velocity, U", as

Ub(h l - ho)
u, = h

I

(STOKER, 1957), where h, and hi are the water
depths on the low and high side of the bore re
spectively. These equations assume that the water
on the low side of the bore is stationary. KISHI

and SAEKI (1966) provided corrections for (3) and
(4) for the situation of a weak opposing flow on
the low side of the bore, which could model the
common situation of bores propagating shore
wards in the presence of a seaward directed flow
such as undertow.

Since h, --4 0 as the shoreline is approached, (3)
and (4) imply that Db and u, tend to infinity.
However, for the wave to remain a bore, Db can
never exceed the value of [u b + V(gh1) ] imme
diately behind the bore front. This arises from
the fact that the bore derives its energy from the
wave elements behind and can therefore never
exceed their speed (FREEMAN and LEMEHAUTE,

1964). It follows then, that lib --4 Db as h, --4 0, and
upon arrival at the beach (h, = 0) the bore sets
the shoreline in motion with an initial velocityu,
= u, = Vb' WHITHAM (1958) further demonstrated
this behaviour by beginning with (3) and (4) and
deriving an ordinary differential equation, which
could be solved to yield the evolution of bore height
and velocity as the bore approached the shoreline.
The accuracy of this equation was subsequently
confirmed by directly solving (1) and (2) for the
same problem (KELLER et al., 1960). These early
theoretical studies showed that the terminal bore
velocity and hence the initial swash velocity,u,
is finite and can be calculated within the context
of the non-linear shallow water theory.

Swash on a Smooth and Impermeable Beach

The rapid decrease in bore height at the initial
shoreline position predicted by WHITHAM (1958)
and KELLER et al. (1960) indicates both borecol
lapse and a singularity of water acceleration in
the SWE. The advancement of the non-linear
shallow water theory to describe swash was only
possible after this singularity was re-interpreted
both physically and mathematically (SHEN and
MEYER, 1963; MEYER and TAYLOR, 1972). It is
physically interpreted as a change in wave form
from that of a shock wave to a rarefaction wave,
where the initial shoreline becomes the leading
edge of the latter (FREEMAN and LEMEHAUTE,

1964). The mathematical re-interpretation ofthe

Journal of Coastal Research, Vol. 8, No.3, 1992
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1]s(x, t) ~ h, + x(tan fJ) (12)

Using trigonometry the maximum swash height,
Zs' can also be obtained;

(8)

(9)

(10)

(15)

(14)

as (X, - x) - 0 (11)

g(sin (3)

L, = 2g(sin (3)

h () = g(sin fJ) (Untm - 2X)2
sf max) x 18x

(X, - X)2
h (x t.) ~ ------=.s=-----_

s , (3t)2

t = t(max) = g(sin (3)

Substituting (8) into (7) yields the maximum
swash length

2

Z = uo
s 2g

SHEN and MEYER (1963) provided an approxi
mation for the swash depth, h., which can be writ
ten as

dh~ = [2(Xs -X)][x - O.5gt
2(sin fJ)] = 0 (13)

dt 3t 3t 2

When Us = 0 the shoreline is at its maximum
landward displacement. From (6) this occurs when

The water surface elevation in the swash zone
(relative to the initial shoreline position), 1]8' is
therefore

Substitution of (14) into (11) yields

I t can be shown that the relevant solution (the
right square bracket) gives the time that the max
imum swash depth occurs as

2x

The maximum swash depth, hs(max), can be ob
tained by solving dh.zdt = 0 for the condition that
d2h

s/dt
2 < O. From (11)

(5)

shore-singularity allows the moving shoreline or
leading edge of the rarefaction wave (swash lens)
to be modelled on the basis of several simple cor
ollaries of the SWE.

Ho et at. 's (1963) interpretation of the corol
laries contained in SHEN and MEYER'S (1963) orig
inal analysis of the SWE provides a useful phys
icaldescription of the swash lens on a smooth and
impermeable beach. In their model the swash lens
is assumed to be divisible into small 'fluid ele
ments', each containing the same mass of water
at all times. The motion of each element depends
only on the pressure exerted by the adjacent el
ements and gravity. In the inviscid case the lead
ing 'fluid element' is always moving faster than
the elements behind, since the swash is a rare
faction wave (STOKER, 1957; FREEMAN and
LEMEHAUTE, 1964). Thus the pressure acting on
this front element is negligible. Once the shoreline
has been accelerated by bore collapse to its max
imum velocity u., its motion can then be studied
bysimply considering the balance of forces acting
on a single 'fluid element' climbing the beach.

Consider the situation shown in Figure 1 where
a bore propagating shorewards arrives at the ini
tial shoreline position x = 0 at time t = O. As
sumptions relating to the nature of the fluid are
the same as those listed with the SWE. It is fur
ther assumed that the wave period is sufficiently
long to ensure no backwash interaction occurs and
that the beach face is hydraulically smooth and
impermeable. The equation of motion for the
leading edge of the swash lens or moving shoreline
can be written as

where m is the mass of the leading fluid element,
X, is its position relative to the initial shoreline
position and (3 is the beach face slope. Through
integration and adopting the initial condition that
dX/dt = u.,when t = 0 the shoreline velocity, Us,
is obtained;

dXs = U .(t) = u., - gt(sin /3) (6)
dt S

Furthermore, since the shoreline displacement is
zero when t = 0, integration of (6) yields the time
history of the shoreline position;

Xs(t) = uot - O.5gt:!(sin /3) (7)

These equations describing the swash behav
iour are theoretically valid until a singularity of
water acceleration occurs during the backwash.
The movement of this singularity in the (x, t)
plane is graphically represented by a 'limit line',
which has been interpreted to indicate the for
mation and propagation of a landward facing or
retrogressive bore (SHEN and MEYER, 1963). Al-

Journal of Coastal Research, Vol. 8, No.3, 1992
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though the origin and motion of the bore cannot
be precisely determined from the theory, it is be
lieved to originate up the beach and move sea
wards within the backwash flow (Ho et al., 1963).
At the time that bore inception occurs, the shore
line becomes influenced by flow processes in the
interior of the swash lens, and can therefore no
longer be described by (5).

HIBBERD and PEREGRINE (1979) used a finite
difference scheme to solve (1) and (2) and model
the uprush and backwash of a bore climbing a
beach. A retrogressive bore appeared in their
backwash calculations, which supports Shen and
Meyer's earlier analytical study of the SWE. The
effect of the backwash bore observed in Hibberd
and Peregrine's model was to cause an increase
in both the backwash depth and duration over
that expected from (11) (HUGHES, 1989).

The theoretical predictions just presented were
compared with field data collected from sandy
beaches displaying a range of environmental con
ditions, in order to determine the capacity of the
non-linear shallow water theory for modelling
natural swash.

FIELD SITES AND METHODOLOGY

Field Sites

The field sites chosen for this study were re
stricted to the northern beaches of Sydney, Aus
tralia. These beaches are moderately to deeply
embayed, typically display surf zone morpholo
gies ranging from the reflective to high energy
intermediate beach states of WRIGHT and SHORT
(1984), are composed of sediment sizes ranging
from fine to coarse sand, and experience a mod
erate to high energy swell wave climate. A more
complete description of their geomorphology and
the regional wave conditions can be found in
WRIGHT (1976) and SHORT and WRIGHT (1981).

In order to test the equations describing swash
behaviour, certain experimental conditions are re
quired to accommodate the assumptions of the
theory. Incident wave periods need to be suffi
ciently large to avoid interference of the uprush
with the preceding backwash, levels of wave re
fraction need to be sufficient to ensure that wave
rays near the shoreline are normal to the beach,
and the beach face needs to be sufficiently planar
in the longshore direction to ensure that the swash
flow is two-dimensional. The wide range of peri
ods associated with natural waves and the sec
ondary refraction of waves over surf zone mor
phology frequently confounds this description.

However, the environmental characteristics of the
beaches in the Sydney region ensured that the
chosen field sites satisfied these constraints for
periods sufficient to obtain the necessary data.
The range of beach slopes and grain sizes studied
were 0.093-0.15 and 0.31-2.00 mm respectively.
In this study the beach slope was measured to
represent the active swash zone; typically between
the berm crest and top of the beach step.

Field Experiments

An experimental design fashioned around the
swash capacitance probes described by WADDELL

(1973) was used to collect the required field data.
The probe consists of a vertical wire supported
by a frame which is inserted into the beach. The
water and wire of the probe act as the two plates
of a capacitor and the teflon insulation of the wire
acts as the dialectric, The output capacitance of
the probe, which is converted to a DC voltage
through the associated circuitry, is linearly pro
portional to the immersed length of the probe.
The elevation of the beach surface on the probe
is readily determined from the ambient capaci
tance level present between swash cycles.

Two types of experiments were conducted dur
ing the field program.

Type One Experiment

In a Type One Experiment a shore-normal line
of range poles marked in 10 ern increments were
placed in the inner surf zone. In addition, six swash
probes were placed in a shore-normal line across
the beach face at a suitable spacing to provide
good coverage of the prevailing swash length (Fig
ure 2). The positions of the range poles and swash
probes were surveyed together with the beach pro
file prior to the experiment.

As a bore propagated towards the beach face
its progress past the range poles was filmed to
provide a measurement of its height and velocity
immediately seaward of the swash zone. Filming
continued during bore collapse and the early stages
of the uprush. This provided a visual record of
the bore collapse process and an estimate of the
initial swash velocity. The swash probes wereac
tivated just before bore collapse occurred to rec
ord the progress of the swash lens across the beach
using strip chart recorders. When the point of
maximum uprush was reached the time was re
corded on the chart and the shoreline position on
the beach was marked. After the swash lens re
ceded the distance from SP# 1 to the point of

Journal of Coastal Research, VoL 8, No.3, 1992
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Figure 2. A typical experimental beach profile showing the
locationof instruments used to measure swash parameters in a
"Type One Experiment."

maximum uprush was measured by an observer
witha tape. Data recording from the swash probes
continued until the end of the backwash.

Following each experiment sediment samples
were collected from the base of the beach, the mid
swash and the limit of maximum uprush. Also,
eachswash probe was calibrated to determine the
coefficients required to convert their voltage out
put to the immersed length of the probe. The
procedure involved raising and lowering the probes
by known increments into a container of water
and recording the corresponding voltage. The re
lationship between voltage and immersed length
was consistently linear, thus a least squares re
gression analysis was used to obtain the calibra
tion coefficients.

The point of bore collapse provides a theoret
icallyconvenient reference point to define the be
ginning of the swash cycle. However, the natural
variability in both the location and width of the
borecollapse zone makes it difficult to use in prac
tice. It was therefore decided to use the swash
probe situated furthest seaward as the reference
point for the swash parameters measured in this
study; namely SP#l (Figure 2). The initial swash
velocity is thus taken as the shoreline velocity
recorded at SP#l, the time t = 0 is the recorded
time of arrival of the shoreline at SP:ttl, and both
the maximum swash length and swash height are
measured relative to the surveyed position of
SP#l. Inspection of the equations in the previous
section indicates that this approach causes no lim
itations' since the equations describe the behav-

iour of the swash lens relative to any choice of
reference point on the beach face, provided that
the shoreline velocity is known at the chosen point.

The initial swash velocity was calculated from
the number of frames in the film record required
for the leading edge of the swash lens to travel
the last 0.5 m before reaching SP#l. The maxi
mum percentage error in calculating the velocity
in this way is estimated to be 3.75u o (u, is in m
sec I) for the range of velocities recorded. Thus
the possible error was less than 150/0 for most of
the data, but did reach up to 30~~ for the larger
velocities recorded.

The time of arrival of the shoreline at each
probe is clearly recognised as a sharp increase in
capacitance over the ambient capacitance of the
wetted beach surface between swash cycles. These
arrival times were combined with the surveyed
positions of the swash probes to obtain the locus
of shoreline position through time during the
uprush. The experimental error associated with
these data is expected to be negligible, due to the
rapid response time of the probe's electronics. Un
fortunately, the shoreline position during the
backwash could not be confidently determined
from the capacitance records, because the thin
ning swash lens mostly had no well defined land
ward boundary.

The maximum swash height was calculated
trigonometrically using the maximum swash
length and the measured beach slope. Since the
swash length was measured by an observer with
a tape its accuracy is not limited by the density
of the probes. The experimental error associated
with these data is limited to errors in surveying
the beach slope, and are therefore expected to be
negligible.

The time-history of the swash depth and the
maximum swash depth were obtained by calcu
lating the difference between the varying capac
itance measured by the probe when it was im
mersed by the swash lens and the constant,
ambient capacitance of the wetted beach face
measured between swash cycles. The results were
converted to swash depths using the calibration
coefficients. Two sources of experimental error are
associated with these data. The first arises from
the measuring wire interfering with the flow. This
was observed to be most problematic near the
base of the beach where the largest water veloc
ities occur. The disturbance of the water level
occasionally reached 2 em for the stronger flows,
but was usually closer to 1 em. For typical swash

Journal of Coastal Research, Vol. 8, No.3, 1992
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Figur e 3. (A), top. Fully dev eloped bore approaching th e initia l
shoreline position. The bore height is app roximate ly 35 em. (B) ,
middl e. Water surface of th e swash lens shown during th e uprush
stage of the swash cycle. (C), bot tom. Beach face shown near
th e end of th e backwash sta ge of t he swash cycle.

depths on the lower beach face, this is likely to
produce an error of approximately 10% of the
swash depth. The second possibl e source of error
was caused by the presence of foam floating on
the surface of the swash lens. This foam often
maintained its thickness for th e entire swash cy
cle. The effect on the mea sured capacitance may
lead to only minor over -estimation of the water
depth on the lower beach sin ce depths are rela
tively large. However, on the upper beach where
the foam thickness may be as large as the water
depth the effect is more pronounced. When sub
stantial amounts of foam were present it occurred
in patches, which appear as oscillations in the
record s of water surface elevation. This enabled
some est imat ion of the foam's thickness. In con
sidering both possible sources of error it is be
lieved that for th e most part, any errors in esti 
ma ting the swash depth are unlikely to exceed
50% and are most likely to be approximately 15%.

The water sur face profile of the swash lens at
the t ime of maximum uprush was calculated by
combining the measured swash depth recorded
by the probes and the surveyed positions of the
probes. The possible sources and magnitude of
error associated with these data are the same as
those just described.

Type Two Exp eriment

In a Type Two Experiment th e six swash probes
were juxtaposed along a shore -normal t ransect
located approximately half way between th e base
of the bea ch and the limit of maximum uprush.
The measuring wire of each probe was sepa rated
from the next by 2.5 cm. The remainder of the
exp erimental pr ocedure was identical to that de
scr ibed for the Type One Experiment. This ar
ran gement provided detailed measurements of the
water surface profile of the leading 12.5 em of the
swash lens . Due to the irregularity of wave heights
at the shoreline and the stationarity of th e probes,
measurements were obtained at various positions
in the uprush.

RESULTS

?

:\ .~,,:~ .". .. '" ~ .;..,;"..~~/

....

Bore Collapse at the Shoreline

Examination of the film record s indicated that
the behaviour of swash following bore collapse on
a natural beach appears to compare well with the
oreti cal expectations. The main features of the
swash cycle ar e evident in th e serie s of photo 
graphs shown in Figure 3, which are indi cative of
the experimental condit ions observed during this

study. In Figure 3A a fully developed bore is shown
pr opagating across a zone of still water towards
the shoreline. The typically abrupt changes in wa
ter sur face elevation and turbulence across the
relatively narrow, steep bore front are clearly rec
ognised, as are the relatively small water sur face
slopes either side of the bore region. When the
bore crosses the initial shoreline it collapses and

Journal of Coastal Research, Vol. 8, No.3, 1992
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3.0 -,---------------------,

(16)

Uprush

In the following comparison between the the
oretical equations for swash and the field data
only grain size is shown as an additional experi
mental variable in each of the figures, since the
effects of beach slope can be scaled from the data.

The relationship between the maximum swash
height and the initial shoreline velocity is shown
in Figure 4, together with the theoretical rela
tionship (10) and the regression model

Z = 0.65u0
2

s 2g

erence to their respective laboratory experiments.
The width of the bore collapse zone was observed
to be very narrow relative to the width of the
swash zone.

In general it can be said that the bore collapse
process is non-stationary and highly variable in a
spatial sense, thus attempts to further investigate
the quantitative relationship between the bore
velocity and swash velocity with the experimental
design used here was not possible.

8.02.0 4.0 6.0
u, (m 5-

1
)

Grain Size (mm)
• 0.25-0.35
+ 0.35-0.45
A 0.45-0.55
[] 0.75-0.85
02.00

0.0 -+---.-=~...,..._...,..._~~~___._____.______r_____r_____r_"""""T"""'~_'"T"""......j

0.0

.
N

1.0

2.0

'"E
'-/

Figure 4. Plot of field data showing the maximum swash height
asa function of the initial shoreline velocity and grain size. The
dashedand solid lines show respectively the theoretical rela
tionship (0) and the regression model (16).

(

the free-surface turbulence disappears. The wave
then no longer behaves as a bore, but as a rare
faction wave that climbs the beach. The rarefac
tion wave appears as a relatively smooth lens of
water, the depth of which decreases with time and
distance travelled (Figure 3B). The foam on the
surface of the swash lens is antecedent to the
swashphase; it is not generated during the swash
cycle. Once the swash lens has reached its maxi
mum height it begins to move down the beach as
backwash. The end of the swash cycle is shown
in Figure 3C, where the moving shoreline has re
turned to its initial position and another bore is
seen propagating shorewards.

Visually, bore collapse is considered to be com
plete when there is no longer any water upstream
ofthe bore front and turbulence generation at the
free surface ceases. These conditions correspond
to the time when the wave front can no longer be
theoretically described by a bore. Upon arrival at
the initial shoreline position the collapse of a bore
is theoretically inferred to be instantaneous, since
it is treated as a discontinuity. On a natural beach
however, the fully developed bore has a finite width
in the (x, z) plane. Consequently, bore collapse in
the field was never observed to be instantaneous.
This observation has also been reported by MIL

LER (1968) and YEH and GHAZALI (1988) in ref-

(r = 0.79, 111 df, 1 (!~) level). The information pro
vided in the bracket includes the sample corre
lation coefficient, r, the degrees of freedom for the
model, df, and its level of statistical significance.
It seems that for the sandy beaches considered
here the measured swash height on average reach
es to only 65 (!~~ of the predicted swash height. Note
that there is no consistent variation in the data
reflecting the variation in grain size between ex
periments. This result holds for all the swash pa
rameters presented here.

Since the swash probes are stationary, the pres
ence of irregular waves results in a lack of con
sistency in the measurement locations from one
swash cycle to the next. Moreover, the different
beach slopes for each experiment means that the
raw measurements of shoreline position are not
immediately comparable between experiments.
For these reasons the measured values of X, and
t have been made non-dimensional using:

where the asterisk denotes the non-dimensional
variable, and t(max) and L, are given by (8) and (9)
respectively. This enables the data for all waves
and beach slopes to be compared on the same
scale.

The relationship between X s • and t .. is shown
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in Figure 5, together with the theoretical rela
tionship (7) and the regression model

hs"(max) = hg(rnax)/Zs and x.. = x/L, (19)

where the asterisk denotes the non-dimensional
variable, and L~ and Z, are given by (9) and (10)
respectively.

The relationship between hs.(max) and x. is shown
in Figure 6, together with the theoretical rela
tionship (15) and the regression model

(r = 0.96, 573 df, 1 f}{) level). Only half of the pa
rabola is shown in the figure, because the shore
line position during the backwash could not be
accurately determined. Since the best regression
model is parabolic and explains 92 <)~ of the vari
ance in the measured shoreline position, it is in
ferred that the shoreline behaviour is successfully
predicted by theory. The position of the shoreline
is, however, consistently over-predicted by the
theory. The degree of over-prediction is relatively
constant, with measured Xs • values being ap
proximately 70 C(;) of that expected.

In order to show the data for all experiments
on the same scale the measured values of hs(max)
and x were also made non-dimensional using:

I~
S~::1.,."1'•..
,~

1;1
/W-

.".,=
t,I' •
.~' ~::
~l ;r

",.

~~

Xs • = 1.44t. - O. 78t. 2 (18)

hs.(max) = 0.21 - O.48x. + 0.32x. 2 (20)

(r = 0.63, 426 df', 1(1;1 level). The form of the
regression model is again consistent with that ex
pected from theory, but only 40 <)0 of the variance
in the maximum swash depth is explained by this
model. Considering the possibility that errors in
estimating the swash depth may reach 50% due
to the presence of foam, the fact that a statistically
significant relationship exists is promising. How
ever, the magnitude of theoretical over-prediction
is generally a factor of 2 or 3 and probably can
not be physically accounted for, suggesting that
the approximation (11) is a poor predictor. The
data did show that the maximum swash depth
always occurred before the time that the maxi
mum swash height was reached, which is consis
tent with (8) and (14).

It is noteworthy that the regression model (20)
has a non-zero minima at the position of maxi
mum uprush, x. = 1, where a zero minima is
expected on theoretical grounds. Physically, this
indicates that the shape of the leading edge, which
is apparently influenced greatly by friction, re
sults in a larger than expected swash depth on
the upper beach. This observation is discussed
further, below.
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a substantial amount during the uprush, which
might be expected on the basis of the previous
results. However, what is not expected is the pat
tern that emerges in the backwash. Both the mea
sured backwash duration and the magnitude of

Figure 8. (A) Plot of field data showing the water surface el
evation in the swash zone at the time of maximum uprush as
function of distance from the initial shoreline position. The
asterisks indicate actual measurements and the dashed line is
inferred from visual observations and measurements such as
those shown in Figure 9. The initial conditions measured for
the uprush were u, = 4.93 m sec 1 and {3 = 0.15. The mean grain
diameter of the beach material was 0.44 mm. (B) Plot of the
theoretical relationship (12) for the initial conditions corre
sponding to the field data.
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Atypical example of the measured swash depth
asa function of time and distance from the initial
shoreline position for one particular swash cycle
isshown in Figure 7, together with the theoretical
prediction given by (11). The gross shape of the
hs(t) curves for both theory and data are similar,
but there are some noteworthy differences. The
measured swash depth is again over-predicted by

Figure 7. (A) Plot of field data showing the swash depth as a
function of time and non-dimensional distance from the initial
shoreline position for a single swash cycle. The initial conditions
measured for the swash cycle were u, = 4.93 m sec I and {:J =
0.15. The mean grain diameter of the beach material was 0.44
mID. (B) Plot of the theoretical relationship (II) for the initial
conditions corresponding to the field data.
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shoreline becomes indistinct as the swash lens
thins and develops into a slurry of fluid and sed
iment. The available data are thus restricted to
measurements of the swash depth.

Two types of backwash are evident in the data.
Examples of these are shown in Figure 10. Figure
lOA shows the hs(t) curves approaching zero water
depth in an obvious sequence. Notice that the
curves are nearly parallel in the final stages of the
backwash. This indicates physically, that the en
tire swash lens is decreasing in depth at a similar
rate, thus the wedge shape of the lens at the time
of maximum uprush (Figure 8) is maintained
throughout most of the backwash. In contrast,
Figure lOB shows hH(t) curves that tend to ap
proach zero water depth simultaneously, at least
on the lower beach face. This represents the sit
uation where the depth at the seaward end of the
swash lens is decreasing at a faster rate than the
landward end. Consequently, the swash lens is
able to become uniformly shallow over much of
its length. This type of backwash lens can often
be observed to contain small shock fountains due
to the large fluid shear produced in the relatively
small depths of water. The concomitant slurry of
sand and water renders the concept of a swash
depth meaningless, as the top several centimeters
of the bed becomes mobile and there is no clear
fluid overlying.

It is the first backwash type that most closely

Figure 9. Plot of field data showing the water surface profile
of the leading edge of a swash lens during the uprush. The field
data are shown by the solid line with asterisks, and the regres
sion model (21) is shown by the plain solid line. The local con
ditions at the position of measurement were Us = 1.00 m sec'
and (3 = 0.093. The mean grain diameter of the beach material
was 0.46 mm.

Backwash

No measurements of the shoreline position could
be obtained during the backwash, because the

the swash depth near the end of the swash cycle
are larger than that expected from theory. The
significance of these observations will be dis
cussed in the next section.

The water surface profile at the time of maxi
mum uprush for the same swash cycle as that
shown in Figure 7 is shown in Figure 8, together
with the theoretical prediction given by (12). The
tendency shown in Figure 8A for the water surface
slope on the upper beach to approach that of the
beach slope is entirely consistent with theory.
However, the dashed line indicating the water
surface profile of the leading edge does not as
ymptote the beach surface as might be expected.
This inferred section of the profile is based on
visual observations and the data collected from
the Type Two Experiments, of which an example
is shown in Figure 9. Although the data in Figure
9 are taken from a different beach to that shown
in Figure 8, they are typical of the full range of
experimental conditions examined in this study.
It appears that in reality the leading edge of the
swash lens is blunt; strongly contrasting with the
sharp theoretical profile shown in Figure 8B.

FREEMAN and LEMEHAUTE (1964) showed that
the non-linear shallow water theory predicts that
the leading edge profile approximates a parabola,
if the quadratic stress law is used to model friction
in the numerical analysis. Thus a least squares
regression model of the form

h, = 0.39x - 1.74x2 (21)

(r = 0.96, 4 df, 1 ~/;) level) is fitted to the data shown
in Figure 9. The validity of this model is uncertain
due to the experimental error inherent in the data
and the inability to combine measurements from
several swash cycles to establish its statistical sig
nificance. However, other experimental data that
display a similar pattern to Figure 9 exist in the
literature (e.g. MATSUTOMI, 1983). It is suggested
therefore, that the true water depth immediately
behind the moving shoreline is indeed greater than
that expected from the non-linear shallow water
theory. This could lead to the measured swash
depth approaching and over- taking the predicted
swash depth in the later stages of the uprush, as
x. ---+ 1, and probably explains the decrease in
theoretical over-prediction shown in Figure 6.
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resembles the theoretical behaviour described by
(11) (cf. Figures lOA and 7B). This agreement is
probably fortuitous, however, because the theo
retical curves are for a hydraulically smooth and
rigid bed and the measurements were essentially

573

of granular-fluid flows strongly influenced by the
effects of a rough and movable bed. Furthermore,
many of the records displayed the behaviour shown
in Figure lOB, indicating that the backwash on
natural beaches cannot be described at all well by
(11). This is not completely unexpected, since (11)
is an approximation which the theory only claims
to be valid until the appearance of a retrogressive
bore in the backwash.

It was demonstrated that the measured back
wash is significantly longer in duration and larger
in water depth than that expected from theory.
These observations possibly indicate the presence
of SHEN and MEYER'S (1963) backwash bore. Pre
vious field studies have interpreted the bore to be
the stationary hydraulic jump which frequently
forms near the initial shoreline position (e.g. Ho
et al., 1963; COWELL, 1982). An interpretation more
consistent with SHEN and MEYER'S prediction is
the surface shear wave that can be observed on
relatively small beach slopes (e.g. PEREGRINE,
1974), since this type of bore forms up-beach and
in the flow interior. This interpretation is still not
entirely consistent with theory, however, because
the shear wave is typically observed to propagate
landward rather than seaward. Another wave form
was observed in the backwash during experiments
on the larger beach slopes reported here, but was
more transient than the shear wave. It tended to
be smaller and narrower than the shear wave, of
ten broke before disappearing, and moved sea
ward with the flow. Regardless of which of these
three wave types is most consistent with the ex
pected behaviour of the backwash bore, they all
have the effect of increasing the flow depth over
that predicted by (11).

Although a backwash bore was frequently ob
served during the experiments, its representation
in the swash depth records is poor. Secondary
maxima in the records are common, but they rare
ly occurred at more than one probe position to
establish the bore's direction of propagation. This
is probably due to the fact that the bore was re
stricted to the seaward end of the beach, thus
most of the probes were not in its path. Fortu
nately, on several occasions the occurrence of an
unexpectedly large uprush meant that most of the
probes were located, relative to the long backwash
length, on the lower portion of the beach. One of
these occasions is shown in Figure 11. The bore
apparently formed somewhere landward of x =

2.18 m, grew in height and then decreased in height
(possibly breaking) as it moved down the beach.

1210
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a: x=O.OO m
b: x=1.13 m
c: x=1.83 m
d: x=2.49 m
e: x=3.12 m
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Figure 10. (A) Plot of field data demonstrating the first back
wash type discussed in the text. The initial conditions measured
for the swash cycle were lit) = 4.91 m sec I and f3 = 0.15. The
mean grain diameter of the beach material was 0.44 mm. (B)
Plot of field data demonstrating the second backwash type dis
cussed in the text. The initial conditions measured for the swash
cycle were lit> = 5.05 m sec J and fJ = 0.11. The mean grain
diameter of the beach material was 0.49 mm.
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Figure 11. Plot of field data showing the swash depth as a
function of time and distance from the initial shoreline position.
The existence and propagation seawards of a backwash bore
can be seen in the record beginning up beach from x = 2.18 m.
The initial conditions measured for the swash cycle were u, =
3.71 m sec I and fJ = 0.095. The mean grain diameter of the
beach material was 0.53 mm.
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ure 5). The fact that the maximum swash height,
which also corresponds to the most landward
shoreline position, is reduced to 65 ~~ indicates
that the flow resistance must increase near the
limit of maximum uprush. This seems sensible
given that this is where the swash depths are
smallest, and hence the effects of friction and in
filtration will be most pronounced.

The fact that variations in grain diameter be
tween experiments had no noticeable effect on the
parameters measured is not considered to be con
trary to the inferences just made. Most of the
experimental grain diameters did not extend be
yond the medium sand class of the Wentworth
scale. It is quite likely that the natural variability
in flow resistance is nearly constant for this range
of grain sizes, or small enough to be masked by
experimental error (HUGHES, in review).

KOBAYASHI et al. (1988) have recently devel
oped a numerical model for surf zone waves and
swash, based on a generalised non-linear shallow
water theory, and have applied it to limited field
data with some success. The model includes en
ergy dissipation due to friction, although the choice
of the friction coefficient is somewhat arbitrary
at present, due to the paucity of suitable field

Hughes

DISCUSSION
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Despite the uncertainties relating to wave be
haviour at the initial shoreline position that still
remain to be resolved both theoretically and ex
perimentally' flow conditions in the swash zone
were found to be reasonably well described by the
non-linear shallow water theory. However, the
theory was found to consistently over-predict the
magnitude of the data. This observation is con
sidered to be a result of friction and infiltration
effects not considered in the inviscid theory.

In general the shear stress created by flow over
a rough and movable bed causes energy dissipa
tion in the flow and a corresponding reduction in
the flow velocity. These friction effects can there
fore be expected to reduce the maximum swash
height, shoreline displacement and swash depth.
Infiltration is also expected to have a reducing
effect on these parameters through loss of fluid
and hence momentum from the swash lens. The
large concentrations of sediment observed to be
mobilised during the up rush and the blunt leading
edge of the swash lens shown in Figure 9 both
attest to the presence of significant bed shear in
natural swash zones.

Previous theoretical and laboratory studies have
suggested the likely importance of flow resistance
in the swash zone (e.g. FREEMAN and LEMEHAUTE,
1964; KISHI and SAEKI, 1966; MILLER, 1968;
KIRKGOZ, 1981; PACKWOOD, 1983), but until now
there has been no suitable field data to indicate
its magnitude. If the qualitative agreement be
tween theory and data reported here can be taken
as an indication of the theory's ability to describe
most of the uprush physics, then some quanti
tative estimation of the flow resistance is now
available. The difference between the magnitude
of the data measured and the theoretical predic
tion may be assumed to represent the total flow
resistance induced by the beach face. The data
reported here suggest that the flow resistance re
duces the maximum swash height to approxi
mately 65 ~o of that expected in the absence of
any friction or infiltration.

It is interesting to note that for most of the
uprush the shoreline position through time is only
reduced to 70% of that expected from theory (Fig-

This example is entirely consistent with the pre
dictions of SHEN and MEYER (1963), and is the
third type of backwash bore described above,
rather than the hydraulic jump or surface shear
wave.
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data. In a forthcoming paper (HUGHES, in review)
the inviscid swash equations presented here are
developed further by introducing a shear stress
term into (5) to account for the observed friction
effects. The new equations are then used with the
available field data to provide 'measured' esti
mates of the friction factor for the swash condi
tions studied here. These results will hopefully
lead to an improvement of the available numerical
models for swash (e.g. KIRKGOZ, 1981; KOBAYASHI

et al., 1988), by providing a physically based
method for estimating the magnitude of the fric
tion factor.

At present the use of the non-linear shallow
water theory is limited to the study of regular
waves. Two natural processes confound its appli
cation to the problem of irregular waves contin
uously arriving at the shoreline: the collision be
tween the incoming bore and the backwash, and
over-running of an existing swash lens by a fol
lowing bore. The former results in a hydraulic
jump near the initial shoreline position. Methods
forcalculating energy dissipation in the hydraulic
jump can be found in most standard texts on fluid
mechanics (e.g. STREETER and WYLIE, 1981), but
the ultimate effect of a hydraulic jump on the
initial shoreline velocity is uncertain. In the case
of swash over-running it seems reasonable to ex
pect, from theoretical considerations, that once
the following bore crosses the leading edge of the
swash lens it will experience bore collapse as it
otherwise would at the initial shoreline position.
This has been observed during the field experi
ments. It is not known, however, what effect the
moving swash lens has on the initial velocity of
the new shoreline.

The problem of bore collapse at the initial
shoreline position and at a moving shoreline still
requires a great deal more theoretical and exper
imental research, as the process is not explicitly
described by the inviscid SWE. SVENDSEN and
MADSEN'S (1984) model of a turbulent bore based
on the SWE and two additional equations to for
mulate the free surface turbulence considers the
most significant energy dissipation parameters,
but at present its extension to predict the initial
shoreline velocity is non-trivial.

Despite the problems that still need to be over
come before realistically applying the non-linear
shallow water theory to highly irregular swash,
some recent work suggests that the approach holds
some promise. MASE (1988) synthesised a time
series of irregular swash oscillations using a sue-

cession of truncated parabolas. The parabola cor
responds to the pattern of shoreline displacement
expected from the non-linear shallow water the
ory and confirmed in this field study. By trun
cating the parabolas the effects of bore-backwash
interaction and bores over-running the swash lens
were simulated. MASE calculated the energy spec
trum of the time series and found that its char
acteristics matched well with spectra measured in
the field by HUNTLEY et ale (1977), also in the
presence of irregular swash. This suggests that
the swash physics predicted by the non-linear
shallow water theory may still determine much
of the behaviour of highly irregular swash, despite
the chaotic appearance of swash interaction on
many natural beaches.

Recent studies examining the stochastic be
haviour of swash seem to be successfully predict
ing the distribution of maximum swash heights
on a range of beaches (e.g. HOLMAN, 1986; NIEL

SEN and HANSLOW, 1991). It is worth noting,
however, that any attempts to model the inter
action of irregular swash, sediment transport and
morphological change on the beach face will still
require the type of physics-based framework of
fered by approaches such as the non-linear shal
low water theory. N. KOBAYASHI and co-workers
(e.g. KOBAYASHI et al., 1988) are investigating sed
iment movement in the swash zone within this
framework, and work in progress by D.H. PERE

GRINE and G. WATSON (personal communication)
is expanding this framework to model irregular
bores and their ensuing swash.

CONCLUSION

The non-linear shallow water theory's predic
tions for swash behaviour have been tested using
field data collected on a number of sandy beaches.
The range of beach slopes and grain sizes studied
are 0.093-0.15 and 0.31-2.00 mm respectively. The
results are specific to beaches where incident swash
processes are dominant and where these processes
satisfy certain criteria permitting the application
of the theory.

The assumption that underpins the theory and
analysis is that no interaction occurs between suc
cessive swash cycles. This situation is not strictly
observed in the field, however, on reflective and
intermediate beach morphologies under swell wave
conditions it can be satisfied for a significant por
tion of the time.

The swash lens following bore collapse on a
smooth and impermeable beach is predicted to
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behave as a rarefaction wave. This implies that
the leading fluid element of the lens is never passed
by elements from behind, and thus enables the
shoreline motion to be modelled through consid
eration of the leading element alone. Most of the
theoretical predictions for the uprush were ob
served in the field data. Specifically, the following
were confirmed:

(1) The maximum swash height is proportional
to the square of the initial shoreline velocity.

(2) The locus of shoreline position through time
is parabolic during the uprush.

(3) The swash lens climbs the beach and pro
gressively thins with increasing time and dis
tance travelled.

(4) The maximum swash depth at any position
on the beach is a quadratic function of its
distance from the initial shoreline position.

(5) The maximum swash depth at any position
on the beach occurs before the time of max
imum uprush.

(6) A retrogressive bore occurs in the backwash.

Shoreline positions during the backwash could
not be accurately determined from the field tech
niques employed. The tendency during the back
wash for the decreasing water depth near the re
ceding shoreline to become increasingly loaded
with sediment leads to uncertainty in distinguish
ing between the surface of the swash lens and the
beach. Measurements of the water surface at oth
er positions in the backwash showed that the the
ory is unable to predict much of the observed
backwash behaviour, although measurements were
made of retrogressive bores in the interior of the
backwash.

All of the regression models describing the
uprush data were statistically significant at the
1 ~;) level, and were all of a similar form to those
expected from theory. However, the theory was
found to consistently over-predict the magnitude
of the data. If it is accepted that the theory ad
equately describes most of the uprush physics,
then energy dissipation due to fluid shear at the
bed and loss of momentum due to fluid infiltration
into the bed serve to reduce the swash height to
approximately 65r;~) of that expected from theory.
Interestingly, the success of the inviscid theory in
describing the gross flow behaviour of the uprush
on a rough and permeable beach face indicates
that there is some promise for its extension to
study the effects of friction and infiltration on the
beach face.

Aspects of the swash cycle that require further
research in the light of this study are bore collapse
and its effect on the initial shoreline velocity, the
inception and propagation of the backwash bore
and the behaviour of granular fluid flows in the
backwash.
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o RESUMEN 0

Se considera que la teoria no lineal en aguas bajas, es capaz de describir muchas caracteristicas del comportamiento de las olas en
lazona costera. Para una playa hidraulicamente impermeable y alisada existen un conjunto de soluciones que gobiernan las ecauciones
para la zona de lavado que sigue al colpaso, Estas soluciones predicen que la maxima altura de lavado es proporcional al cuadrado
de la velocidad inicial. El lugar exacto de la posicion de la costa a traves del tiempo, es parabolico, la maxima profundidad dellavado
en cualquier posicion de la playa es una funci6n cuadratica deesa distancia a partir de Ia posicion inicial de la costa. Todas estas
predicciones han sido observadas en los datos de campo, colectados a partir de un cierto nurnero de playas de arena en el sudeste
de Australia. Sin embargo, la teoria sobreestima consistentemente la magnitud de los parametres medidos. Se ha presentado una
evidencia que sugiere que esta discrepancia se debe a los efectos de fricci6n e infiltracion actuando sobre las lentes de lavado, las
cuaJes inicialmente no son considerados en esta teoria. Aceptando la evidencia disponible, los efectos combinados de friccion e
infiltracion sobre playas de arena sirve para reducir la maxima altura dellavado en un 65~~c aproximadamente, de 10 esperado segun
la teoria. Aparte de la sobreestimacion de la teo ria en 10 referente a la magnitud de los parametres medidos dellavado, el compor
tamiento del flujo total del ascenso sobre un frente de playa rugosa y permeable parece ser descripto exitosamente por medio de la
teoria no viscosa. Existe cierta esperanza, adernas, de poder modelar existosamente los efectos de friccion e infiltracion dentro del
marco teorico, Desafortunadamente la etapa del retroceso del cicIo del lavado no se puede predecir con exito, Parece ser que es
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necesario una mejor comprensi6n del retroceso y el comportamiento del flujo del fluido granular antes de poder modelar el retroceso
con cierto exito.-Nestor W. Lanfredi, CIC-UNLP, La Plata, Argentina.

D ZUSAMMENFASSUNG 0
Die nichtlineare Flachwassertheorie wird als geeignet angesehen, viele Formen der Wellendynamik in der Kiistenzone zu beschreiben.
Zu den vorhandenen Gleichungen fiir den Vorgang des Auflaufens der Welle, der dem Zusammenbruch der Flutbrandung auf einem
hydraulisch glatten und undurchlassigen Strand folgt, gibt es eine Reihe von Losungen. Sie sagen voraus, daf3 bei diesem Vorgang
die maximale Spulhohe proportional zu dem Quadrat der anfanglichen Wellengeschwindigkeit ist, daO die Position auf dem Strand
mit der Zeit den Verlauf einer Parabel beschreibt, dal3 die maximale Tiefe des auflaufenden Wassers an jedem beliebigen Ort eine
quadratische Funktion der Entfernung von der urspriinglichen Kiistenposition ist, daB die groflte Spiiltiefe in jeder beliebigen
Position auf dem Strand vor dem Zeitpunkt des groflten Auflaufens der Welle erreicht wird und dafl sich eine riickschreitende
Brandungswelle beim riicklaufenden Wasser formt. AUe diese Voraussagen wurden mit Felduntersuchungen an einer Reihe von
Sandstranden in Siidost-Australien als zutreffend belegt. Allerdings iibertrafen stets die nach der Theorie errechneten Parameter
die tatsachlich gemessenen. Es werden Belege angefiihrt, daB diese Diskrepanz auf die bisher nicht in die Theorie eingehenden
Faktoren Reibung und Infiltration, die auf die Wasserlinse beim Auflaufen wirken, zuruckzufiihren ist. Falls die zur Verfligung
stehenden Belege akzeptiert werden, dann bewirkt die Kombination von Reibung und Infiltration an einem Sandstrand eine maximale
Verminderung der Hohe des Auftaufens auf ca. 65 % des aufgrund der Theorie zu erwartenden Wertes. Abgesehen von der theo
retischen Uberschatzung der Gro13en fur die gemessenen Parameter, scheint die Theorie das generelle Flie13verhalten der auf einen
rauhen und durchlassigen nassen Strand auflaufenden Welle erfolgreich zu beschreiben. Daher ergibt sich die Moglichkeit, nun auch
den Einflu13von Reibung und Infiltration im Rahmen dieser Theorie richtig zu modellieren. Leider wird die Phase des riicklaufenden
Wassers im Wellenzyklus nicht so gut vorausberechnet. Offen bar miif3ten dafur sowohl die Riicklaufwelle als auch das Verhalten
von kornig-fltissigen Stroman besser verstanden werden.-Helmut Bruckner, Department of Geography, University of Marburg,
Deutschhausstr. 10, D-3550 Marburg, Germany.
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