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The behaviour of sediment fluxes is currently less well understood in the inner-surf and swash zones than farther
seaward. In the present study, field measurements were obtained of cross-shore velocity and suspended-sediment
concentration from 6 and 13 heights above the bed, respectively, between the breakpoint and the shore of an inter-
mediate-to-reflective beach, over a range of hydrodynamic conditions, to examine the cross-shore structure of sediment
flux and the physical mechanisms responsible for the observed patterns. Particular attention is given to the inner-
surf and swash zones, which are known to contain sediment-transport processes poorly predicted by models based on
velocity moments. The cross-shore structure of the depth-integrated, suspended sediment flux is found to vary ac-
cording to the forcing conditions considerably more in the inner-surf and swash zones than in the outer surf and
shoaling zones. In high-energy conditions, fluxes are dominated by a large offshore peak in the outer swash zone, and
in low-energy conditions, fluxes are dominated by weak onshore values increasing shorewards. Examination of the
temporal and vertical structure of the velocity, sediment concentration, and flux within individual events where
offshore transport was dominant reveals that near-bed suspended sediment responds just as readily to mid-water-
column velocity shear as to boundary-layer shear. Examination of events in which onshore transport was dominant
reveals that near-bed suspended-sediment concentration responds more readily to near-bed horizontal acceleration
than to absolute values of near-bed velocity.

ADDITIONAL INDEX WORDS: Acceleration, hydrodynamics, morphology, shape function, turbulence, velocity shear.

INTRODUCTION

Morphological change in the nearshore is driven by spatial
and temporal gradients of sediment flux. Prediction of sedi-
ment flux is still a major challenge, particularly in the inner-
surf and swash zones. Models and theories should be tested
against field measurements of the sediment flux they are de-
signed to predict, which, in turn, should be as accurate and
complete as possible if we are eventually to make predictions
of morphological change.

One approach to predicting nearshore evolution is to use
parametric models. Rather than attempt to incorporate all
the underlying physics, such as with process-based models,
these models replace much of the physics with field-based
parameterisations of the most important processes. Para-
metric models of the cross-shore structure of cross-shore sed-
iment flux have recently shown good potential for predicting
the medium-term to long-term evolution of beach profiles
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(e.g., Marino-Tapia et al, 2007b; Masselink, 2004; Plant,
Ruessink, and Wijnberg, 2001; Plant et al., 2004).
Parametric models are often based on the idea of a cross-
shore sediment transport shape function (the cross-shore dis-
tribution of the cross-shore sediment flux across the near-
shore). The concept was introduced by Foote, Huntley, and
O’Hare (1994), who found a consistent pattern across the
nearshore when higher moments of cross-shore velocity were
plotted against water depth from a single site. Based on an
energetics approach (Bagnold, 1963; Bailard, 1981), higher-
order velocity moments could be used as a proxy for sediment
flux. It was hypothesised that, as the shape function is ad-
vected over the beach with the tide, the characteristic beach
profile is developed through cross-shore flux gradients, with
divergence and convergence leading to erosion and accretion,
respectively. The work was extended by Russell and Huntley
(1999), combining data from three different sites. The velocity
moments were normalised by the velocity variance, thereby
allowing the shape function to be independent of incident
wave conditions. A consistent cross-shore flux pattern was
found, with chiefly onshore transport in the shoaling zone
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(predominantly through short-wave skewness) and offshore
transport in the surf zone (predominantly through offshore-
directed bed return flow). The work was then further extend-
ed by Marino-Tapia et al. (2007a), using data from five sites
and extending the shape function farther shoreward. The
cross-shore distribution of measured sediment fluxes mea-
sured at a single height close to the bed was also shown to
be consistent with the shape function based on velocity mo-
ments, which adds support to the method. The velocity-mo-
ments shape function, developed by Marino-Tapia et al.
(2007a), was used successfully by Marino-Tapia et al. (2007b)
to predict the movement of a breaker bar at Duck, North
Carolina, over a 77-day period. An independent test of the
shape function concept was performed by Tinker et al. (2006),
using velocity-moment data from two additional European
beaches, and they found excellent correlation with previous
results.

However, in the above-mentioned studies, the field instru-
mentation available at the time, together with the difficulties
in making field measurements in high-energy conditions,
meant that several important issues were still not able to be
fully addressed. Extending the shape function from the
breakpoint through to the shoreline, including the swash
zone, has been difficult and has only been done tentatively.
For example, Weir, Hughes, and Baldock (2006) produced a
sediment-flux shape function in the swash zone over a berm,
but the sediment fluxes were inferred from morphological
measurements, a technique that is inherently limited by the
spatial and temporal resolution of the measurements. A
swash-zone shape function was produced by Aagaard and
Hughes (2006) using measurements of velocity and suspend-
ed sediment concentration, but this only extended as far as
the seaward limit of the swash zone.

Even though the inner-surf and swash zones have been ac-
knowledged for some time as being very important for near-
shore morphological change (e.g., Beach and Sternberg, 1991),
the behaviour of the sediment transport in that area is still
not as well understood as in areas farther seaward, and the
energetics approach has not been able to be applied as suc-
cessfully (Butt et al, 2005; Hughes, Masselink, and Brander,
1997; Masselink and Hughes, 1998; Puleo and Butt, 2006).
The problem was highlighted by Masselink and Russell
(2006), who measured in the swash-zone, net offshore-direct-
ed higher-order velocity moments but net onshore sediment
transport. One reason for this difficulty is the increased im-
portance, in the swash and inner-surf zones, of several phys-
ical processes other than the velocity-driven shear stress,
upon which the energetics approach is based. These include
fluid accelerations (Calantoni and Puleo, 2006; Nielsen, 2002;
2006; Puleo et al., 2003), bore collapse leading to onshore ad-
vection of sediment (Jackson, Masselink, and Nordstrom,
2004; Pritchard and Hogg, 2005), large infragravity back-
washes advecting sediment offshore (Butt and Russell, 1999;
Masselink and Puleo, 2006; Miles, Butt and Russell, 2006),
hydraulic jumps (Butt and Russell, 2005), bore turbulence
(Butt et al., 2004; Puleo et al., 2000), and in-exfiltration (e.g.,
Nielsen, 1998; Turner and Masselink, 1998). Velocity shear
above the boundary layer through uprush-backwash inter-
action was also observed by Butt et al. (2004) and was sug-

gested as a possible source of turbulence reaching the bed in
addition to turbulence originating from the bore.

As the hydrodynamic forcing conditions change, the way in
which the combination of these processes influences the
cross-shore shape function in the inner surf and swash zones
also changes. Therefore, it is important not only to extend
the sediment-flux shape function into the inner-surf and
swash zones but also to measure the cross-shore distribution
of flux under different hydrodynamic forcing conditions. The
present study examines the behaviour of the sediment flux
and the processes that drive it in the inner-surf and swash
zones through field measurements of the cross-shore distri-
bution of sediment flux in that area, under varying offshore
conditions.

The present study derives the shape functions from depth-
integrated sediment fluxes, calculated using velocity and sus-
pended sediment concentration measurements at several
heights above the bed. By using field measurements of fluid
velocity and suspended sediment concentration from the in-
ner surf zone to the shoreline, we examine the behaviour of
the shoreward part of the sediment flux distribution in high-
energy and low-energy conditions. We then investigate the
processes that drive these patterns by closely examining in-
stantaneous time series from the inner-swash to the inner-
surf zones, together with the vertical and temporal structure
of velocity, sediment concentration and flux within individual
events.

FIELD EXPERIMENT

The present study forms part of a 3-year international proj-
ect on cross-shore sediment transport and profile evolution
on natural beaches, undertaken between 2004 and 2007. The
project involved more instrumentation and data collection
than that described in the present article; more general de-
tails of which may be found in Tinker et al. (2006).

The data used in the present study were collected at Sen-
nen Beach, Cornwall, U.K. (Figure 1), between 8 May 2005
and 26 May 2005. Sennen is a macrotidal (mean spring range
~ 5.3 m) sandy beach (median grain size, Dy, = 0.57 mm)
that receives a mixture of long-period swell and locally gen-
erated windsea, with an annual mean significant wave height
of 1.4 m. According to the classification of Masselink and
Short (1993), Sennen is a low-tide terrace beach, containing
a steeper shoreward section and a more gently sloping sea-
ward section (tan B =~ 0.08 and 0.03, respectively). During
the experiment, morphological surveys were conducted every
low tide using a Total Station.

The measurements discussed here were obtained from an
instrument rig placed at approximately mean sea level and
slightly seaward of the break in slope between the steep
shoreward part, and the lower-gradient seaward part of the
beach (Figure 2). The movement of the tide caused the swash
and surf zones to advect over the rig, causing the relative
position of the rig within the surf and swash zones to change
with time.

Over the entire experimental period, 36 data-collection
runs were performed. Logging was initiated just before the
shoreline reached the rig on the incoming tide and was ter-
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Figure 1. Field site.

minated just after the shoreline receded past the rig on the
outgoing tide. Each run was approximately 6 to 7 hours long.
Offshore significant wave heights and peak spectral periods
were recorded by an acoustic Doppler current profiler
(ADCP), deployed on the bed approximately 600 m offshore
in 16 m of water.

The instrumentation used to collect the data for the pres-
ent study (Figure 3) consisted of the following:

® A vertical stack of six Valeport miniature electromagnetic
current meters (ECMs) measuring cross-shore (z) and
alongshore (v) components of velocity at distances above
the bed (z) of 3, 6, 9, 13, 19, and 29 cm;

® A Druck miniature pressure transducer (PT), measuring
water depth (h), nominally mounted 2 cm below the sand
surface, with the position of the instrument relative to the
bed carefully measured before and after each data collec-
tion run; and

® A vertical array of 13 miniature optical backscatter sen-
sors, measuring suspended sediment concentration (c¢) at z
=-2,-1,0,1,2,3,4,5,6,9, 13, 19, 29 cm, with sensors
similar to those described in Masselink and Russell (2006),
developed in-house at the University of Plymouth, and cal-
ibrated using the method developed by Butt et al. (2002).

All instruments were logged synchronously at 8 Hz using
a National Instruments data logger mounted on the rig itself.
The digitized signal was routed to a logging computer at the
top of the beach via an RS485 data link. Power for the rig
was supplied by cable from the logging station.

A cross-shore profile of measurements was able to be ob-
tained from a fixed instrument rig, by allowing the tide to
flood or ebb over the rig. The reference frame may, thence,
be transferred from time to distance or, in this case, to nor-
malised depth (= local depth over breaker depth, A/h,). In
the present study, the approximate position of the breakpoint
was estimated using a fixed ratio of breaker height to breaker
depth (H,/h, = 0.78; McCowen, 1894), although it is acknowl-

Tanf=003 Rig

~am

~200m

Figure 2. Beach profile showing rig position. MHWS = mean high-water
springs; MHWN = mean high-water neaps; MLWN = mean low-water
neaps; and MLWS = mean low-water springs.

edged that, in a random wave field, the breakpoint varies
considerably either side of this value.

DATA PREPROCESSING

The raw data were screened as follows. The suspended-
sediment data were rejected if they showed any signs of con-
tamination by daylight. Sections of data in which there was
a dropout in the velocity from the lowest ECMs, because of
the instrument being buried, were also rejected, along with
data in which the bed level had dropped below the level of
the PT. Noisy data because of the instruments being very
near the surface were also rejected by using the water depth
(h) time series to ensure that velocity and suspended sedi-
ment data were only considered for analysis when the instru-
ments were covered by 0.5 cm of water.

The breaking wave height (H,) and breaker depth (%,) were
estimated from the data collected at the ADCP. Using linear
wave theory it may be shown that

Figure 3. Instrument rig.
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Figure 4. Example plot showing how values of H, and &, were estimated.
Initial values of wave height and water depth were obtained from the

ADCP.
lc
H, = H, |~ (1)
2 1 Cgl

where H is the wave height, and C, is the group velocity,
which is a function of the water depth (h) and the wavelength
(L), which, in turn, may be estimated from the period (7).
The waves were shoaled in to obtain H as a function of A,
using initial values of H, T, and & (= 16 m) at the ADCP. The
points at which 2 = h, and H = H, were then found using
H,/h, = 0.78. An example is shown in Figure 4.

The resultant time series of H, throughout the experiment
is shown in Figure 5. A distinct change from relatively low
to relatively high energy conditions can be seen around the
18th of May.

To validate sediment-transport predictions, the measured
suspended-sediment flux is usually calculated from the prod-
uct of the velocity and suspended-sediment concentration,
measured using colocated instruments. Although vertical
stacks of optical backscatter sensors have been used for some
time (e.g., Beach, Sternberg, and Johnson, 1992) most surf-
zone and swash-zone sediment transport field studies, apart
from a small number of exceptions (e.g., Miller, 1999), have
tended to deploy current meters at three or less locations in
the vertical. It has often been assumed that the velocity is
depth-uniform above the boundary layer, and discussions on
whether the velocity measured at a single height can safely
be assumed depth-uniform have been based on the thickness
of the boundary layer (e.g., Petti and Longo, 2001). However,
more recent observations (e.g., Butt et al, 2004) have sug-
gested that, in the swash zone, there is considerable velocity
shear above the boundary layer, which varies throughout the
wave cycle. Therefore, to obtain more accurate estimates of
depth-integrated flux, it is important to measure both sus-
pended sediment and velocity at as many positions in the
vertical as possible. In the present study, vertical stacks of
six current meters and 13 optical backscatter sensors,
throughout the lower 29 cm of the water column were used
to calculate the depth-integrated sediment flux. It is acknowl-
edged that, particularly in the swash zone, a proportion of
the sediment transport occurs as bedload (e.g., Horn and Ma-

st

: ; R R
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Date, May 2005

L

Figure 5. Time series of breaking wave height throughout the experi-
ment. Dates on the x-axis correspond to 1200 on each particular day.

son, 1994), which would not be measured by the instrument
arrangement described here.

The depth-integrated suspended-sediment flux (@) was cal-
culated by multiplying the velocity and the suspended-sedi-
ment concentration at each individual height, and then in-
tegrating throughout the water column, i.e,

Q= J' u(2)c(z) dz. (2)

In practice this was achieved by summing over the water
column the products of u, C, and the thickness of the “slice”
(Az) at each height measured, i.e,

Q = u,c,A2; + uycoAzy + -+ u,c,Az,. 3)

For the uppermost sensor, the thickness of the slice was
taken as the average of the distance between the sensor and
its lower neighbour and a point 10 cm above the sensor. In-
spection of the data revealed that very little measurable flux
was present at the top sensor; therefore, it was assumed that
the concentration above this layer was zero. For the inter-
mediate sensors, the thickness of the slice was the average
of the distance between the sensor and its upper and lower
neighbour, respectively. For the lowest sensor, it was the av-
erage of the distance between the sensor and its upper neigh-
bour and the distance between the sensor and the bed.

The depth-integrated suspended-sediment concentration
(C) was calculated in the same way as the depth-integrated
flux, i.e,

C = f c(2) dz, (4)

ie.,

C =cAz, + c,Az, + -+ + ¢,Az,. (5)

FLUX RESPONSE TO
HYDRODYNAMIC CONDITIONS

To examine the hypothesis that the sediment flux, as a
function of cross-shore distance, changes according to the
forcing conditions, it was considered instructive to inspect the
cross-shore distribution of the depth-averaged suspended-
sediment flux under low- and high-energy conditions, focus-
ing on the surf and swash zones.

Five-minute averages of the depth-integrated flux, (@),
were computed for four high-energy and five low-energy runs.
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Table 1. Low-energy runs. Suffix a or b indicates data used from the
rising or falling tide, respectively. The value of H, for run 06 was estimated
visually.

Run 06a 08a 23a 23b 25b
Date, May 2005 8 9 16 16 17
H, (m) 0.6 0.7 0.6 0.6 0.6
o, (m? s72) 0.16 0.10 0.08 0.08 0.05

For the purposes of this test, a run was considered to be high
energy if H, > 1 m and low energy if H, < 1 m. Tables 1 and
2 show values of H, and near-bed cross-shore velocity vari-
ance (o) of the runs used for analysis.

Figure 6 shows (®) as a function of normalised depth, i/h,.
The 5-minute average value of h-h, can be used as a rough
proxy for normalised distance between the shore and the
breakpoint, which allows direct comparison between more
than one time series. In the swash zone, during times when
the instruments were not inundated, the depth was classed
as zero. Therefore, even though in the swash zone the in-
stantaneous depth is related to the shape of the swash lens
rather than the cross-shore position, the average depth will
decrease towards the shore as the inundation time decreases.

Note that an alternative method for estimating the cross-
shore position in the swash zone is to directly measure the
relative percentage of time that the bed is inundated, which
is zero at the shoreline and increases seaward until the outer
limit of the swash zone where it is 100% (e.g., Aagaard and
Hughes, 2006; Hughes and Moseley, 2007; Masselink and
Russell, 2006). However, the method used was considered ad-
equate for the purposes of the present study rather than com-
bining two different techniques for the swash and surf zones.

The data from all the high-energy runs were grouped sep-
arately from those of the low-energy runs. The values of (@)
were then separated into bins of width A(h/h,) = 0.1 (high
energy) and A(h/h,) = 0.2 (low energy), and the mean value
of (®) over each bin was calculated. The minimum number
of points in each bin was 10. The error bars on the bin av-
erages represent =2 standard errors. The spline fit through
the bin averages is simply to visualise the cross-shore distri-
bution of sediment flux. An estimate of the outer limit of the
swash zone was obtained by inspecting the instantaneous
depth () time series and identifying two successive 5-minute
blocks of data whereby the bed was intermittently wet and
dry during the shoreward block and continually wet during
the seaward block. The outer limit of the swash zone was
then assumed to lie midway between these two blocks. Note
that, in practice, the outer edge of the swash zone can never
be a single, well-defined cross-shore position. However, the
simple definition described here is considered adequate for
the analysis in the present study. For more rigorous defini-
tions, see Hughes and Moseley (2007).

Figure 6 shows how the behaviour of the cross-shore flux
distribution in the inner-surf and swash zones differs under
high-energy and low-energy conditions. In both cases, the
magnitude of the depth-integrated flux begins to increase
landward from around the inner surf zone. The low-energy
data show a weak onshore flux progressively increasing to-
wards the shore. Offshore of the inner surf zone, the low-

Table 2. High-energy runs. Suffix a or b indicates data used from the
rising or falling tide, respectively.

Run 29a 3la 33a 35a
Date, May 2005 19 20 22 23
H, (m) 1.7 1.9 1.8 1.9
o, (m?s72?) 0.22 0.19 0.23 0.22

energy data show a very weak, almost zero, flux. The high-
energy flux contains a large offshore-directed peak in the mid
to outer swash zone, which is about an order of magnitude
larger than the maximum onshore flux shown on the low-
energy plot. Offshore of the inner surf zone, the high-energy
data show a relatively weak general offshore flux.

To visualise how the behaviour of the cross-shore sediment
flux might act on the same section of beach face, both sets of
(@) values were plotted on the same axes, as a function of
cross-shore distance, x. Values of x, corresponding to each
value of (@), were found using x = h/tan B, assuming x in-
creases seawards and x = 0 when the rig is at the shoreline.
Results (Figure 7) broadly show the same pattern of strong
offshore transport in high-energy conditions and weak on-
shore transport close to the shore in low-energy conditions.

It must be stressed that the tidal advection technique, as
used in the present study, suffers from the limitation that,
because the cross-shore position was inferred from the depth
of water over a fixed section of bed, any implications for mor-
phological change derived from the flux gradients are only
applicable on sections of the profile with the same slope as
that at the instrument site. For example, they would not be
directly applicable to the beach in the present study at the
high-tide shoreline, where the slope was significantly differ-

|
High Energy Conditions

(@ [kgm's™]

(@ [kgm™'s™)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalised depth h/hb

Figure 6. Cross-shore distribution of suspended-sediment flux for high-
energy and low-energy conditions. The vertical dotted line is the approx-
imate outer limit of the swash zone. Points with error bars are bin av-
erages, explained in the text. The solid line is a spline fit. Note difference
in y-axis scaling.
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Figure 7. Sediment flux as a function of cross-shore distance, for low-
energy and high-energy conditions. The original values of (§) have been
removed for clarity. Each function extends from the shoreline to the ap-
proximate breakpoint.

ent. Here, the input conditions to the section of bed being
considered would be very different from those at the rig.

INSTANTANEOUS TIME SERIES

It was considered instructive to inspect more closely the
instantaneous sediment-flux time series to investigate the
processes that contribute to onshore and offshore transport
at different points in the cross-shore transect, focusing par-
ticularly on the inner-surf and swash zones. The data chosen
for examination here are from a medium-energy run (run 04;
7 May 2005), where the value of H, (=1 m, estimated visu-
ally) was at the transition between the high-energy and low-
energy data used in the tests above (and, therefore, were not
used in those tests). The purpose of using this run is that it
serves as a good example where the behaviour of the cross-
shore sediment flux includes features seen in both high-en-
ergy and low-energy conditions. In the following analysis,
particular sections of data where either onshore or offshore
transport dominates are examined.

Figure 8 shows, as a function of time, instantaneous values
of depth-integrated flux (@), suspended sediment concentra-
tion (C) and near-bed velocity measured at z = 3 cm (u,,,),
from when the instrument rig was at the shoreline to when
h/h,, = 0.65. Five-minute flux averages ((®)) are also shown
for comparison. At around ¢ = 30 minutes (i.e,, just beyond
the swash outer limit), large values of suspended sediment
begin to appear. These coincide with the onset of large back-
washes, manifest as offshore-directed peaks in the velocity
time series. As the shoreline is approached, the velocity time
series becomes progressively more dominated by onshore val-
ues. In the flux time series, offshore events practically dis-
appear. It is important to realise that the resulting flux is
highly sensitive to the phase between the velocity and the
sediment concentration (Osborne and Rooker, 1999). In Fig-
ure 8, the flux becomes more onshore directed as the observer
approaches the shore, not just because the velocity time se-
ries contains progressively more onshore-dominated and pro-
gressively less offshore-dominated events, but also because

°
N

o
(@ [kgm™'s™]

!
o
IS

0 5 10 15 20 25 30 35 40 45 50
Time [min]

Figure 8. Time series showing where large sediment-suspension events
start. The line with circles in the upper panel shows (®). The grey areas
correspond to the inner and outer expanded time series in Figures 9 and
10.

the peaks in C coincide with onshore rather than offshore
peaks in u,,,.

A 10-minute segment of the time series in Figure 8, rep-
resenting the part where offshore sediment flux events begin
(around the surf/swash transition zone; ¢ = 25 to 35 mins) is
shown expanded in Figure 9. The large values of suspended
sediment appear between the end of the offshore phase and
the beginning of the next onshore phase of each event. This
has been observed several times in previous studies (e.g., Butt
and Russell, 1999; Osborne and Rooker, 1999; Puleo et al.,
2000). Large increases in C only seem to occur in the back-
washes, where the offshore velocity exceeds about 1 m s*.
For the five large backwashes in Figure 9, (at ¢ = 25.9, 26.5,

N

swash €«— —> surf

25 26 27 28 29 30 31 32 33 34 35
Time [min]

Figure 9. Swash/surf transition zone instantaneous time series. The dot-
ted line in the lower panel represents an arbitrary velocity threshold,
above which, large suspension events seem to occur.
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Figure 10. Inner to mid-swash instantaneous time series.

27.3, 29.8, and 30.4 mins), the value of C begins to increase
only after the velocity has reached that value. For the re-
maining backwashes in the time series, C is much smaller or
insignificant.

Figure 10 shows a 12-minute segment of the time series
from the inner swash to the mid swash zone. Here, it can be
seen that the major sediment-suspension events only occur
in conjunction with onshore velocities. The six distinct on-
shore flux events (at ¢ = 4.7, 6.0, 6.6, 8.2, 9.4, and 10.8 mins)
occur during events containing the highest onshore velocities.

STRUCTURE OF INDIVIDUAL EVENTS

To further investigate the way in which sediment is trans-
ported within individual waves between the inner surf zone
and the shoreline, the cross-shore velocity (1), suspended sed-
iment concentration (c), and flux (g), as a function of both
time and vertical distance from the bed, were more closely
examined for typical offshore-transporting and onshore-
transporting events, such as those in Figures 9 and 10, from
the outer-swash/inner-surf and from the mid to inner swash,
respectively.

Ensemble averages of u, ¢, and g, together with the depth-
integrated flux (@) velocity shear (du/dz) and cross-shore ac-
celeration (du/dt), were computed using seven offshore-trans-
porting events from the outer-swash/inner-surf zone. This
was repeated using nine onshore-transporting events from
the mid to inner swash zone. Events were chosen to have a
clear start and end, and peak values of u exceeding 1 m s~
The length of each event was taken as 5 second either side
of the time of occurrence of the local minimum depth in the
case of offshore events and 2 second before and 5 second after
the local minimum depth in the case of onshore events. Be-
cause all members of the ensemble average were the same
length, there was no need to stretch them by interpolation,
as is often done with ensemble averages using field data (e.g.,
Masselink et al., 2005). To qualify as an offshore or onshore

event, the total sediment discharge (the depth-integrated,
time-integrated flux over that event) in that direction had to
be at least 1.5 times the total sediment discharge in the other
direction.

Ensemble-averaged offshore (outer) and onshore (inner)
events are shown in Figures 11 and 12, respectively. For com-
parison, @, g, ¢, and u for representative single events are
shown next to the ensemble averages. The similarity of these
plots to the ensemble averages adds confidence to the ensem-
ble averages. To obtain a rough indication of the spread in
values over the ensemble averages, mean ensemble-averaged
values of u, ¢ and g, alongside their corresponding mean val-
ues of standard error, are shown in Table 3. The peak veloc-
ities are also shown for comparison to give an indication of
the strength of the wave stirring. Interestingly, the mean val-
ue of g (11.8 kg m~2 s71) for the inner event is much higher
than that for the outer event (—3.6 kg m~2 s~1), although the
mean values of u and ¢ for both events are similar.

From the ensemble-averaged event in Figure 11, the fol-
lowing observations can be made. The near-bed velocity is
strongly offshore during the backwash but continues offshore
until about 1.5 seconds after the arrival of the bore (indicated
by a sharp increase in water depth) at the measuring point.
The velocity higher in the water column increases onshore
after the arrival of the bore, reaching a local maximum after
about 1.2 seconds. There is considerable velocity shear be-
tween z = 8 cm and z = 12 cm, just after the arrival of the
bore, which is about four times stronger than the shear in
the boundary layer. For about 1 second, there is actually ve-
locity reversal in the water column (offshore near the bed but
onshore at higher levels). It can be seen by simply comparing
¢ with u that high values of ¢ occur where the two opposing
flows meet and the offshore flow undercuts the onshore flow.
This is the point at which there is the largest general velocity
gradient (i.e, the contours are closest together). Peak near-
bed ¢ values can be seen about 0.6 seconds after peak values
of du/dz higher in the water column. There appears to be
little direct relationship between ¢ and du/dt. The large off-
shore values of @ at ¢ = 1 second are due to high values of ¢
and offshore u near the bed, whereas the onshore peak in @
at t = 1.5 second is due to weaker values of ¢ and onshore u
spread over a thicker layer of water, higher in the water col-
umn.

From the ensemble-averaged event in Figure 12, the fol-
lowing observations can be made. The velocity is weakly off-
shore near the bed until about 0.5 second after the arrival of
the bore; after which, it increases onshore at all heights in
the water column, reaching a peak after about 1.5 second.
There is no velocity reversal in the water column. There is a
degree of shear in the mid water column, but the boundary-
layer shear is about twice as strong. The onshore flow is
much more dominant than in the offshore event, and is not
undercut by the (much weaker) offshore flow. Peak ¢ values,
as with the offshore event, coincide with the largest general
velocity gradient (where the contours are closest together).
The contours are mostly vertical suggesting a stronger hori-
zontal than vertical velocity gradient. Peak near-bed ¢ values
occur about the same time as, or just after, large near-bed
du/dt values, but they occur about 0.3 second before peak u
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Figure 11. Ensemble-averaged (left panels) and example (right panels) events from outer-swash/inner-surf zone. On the ensemble average, time = 0
corresponds to the local minimum depth. For a color version of this figure, see page 932.

values. The fact that maximum acceleration leads maximum
velocity supports the idea that suspended sediment is re-
sponding to acceleration. There appears to be little direct re-
lationship between ¢ and du/dz.

DISCUSSION

Figures 6 and 7 show that the cross-shore distribution of
suspended-sediment flux in the inner-surf and swash zones
is clearly not the same in high-energy conditions (defined as
H, > 1 m) as in low-energy conditions (defined as H, < 1 m).
The most significant differences in high-energy and low-en-
ergy conditions are in the swash zone.

The contour plots in Figures 11 and 12 highlight the com-
plexity of the vertical structure of the fluid and sediment in
the swash and inner surf zones and suggest that different
combinations of several mechanisms acting on the bed to sus-
pend sediment may exist at different times during the wave
cycle. The relative temporal phase between the peaks in ve-
locity and suspended sediment concentration supports the
idea that, in the swash zone, sediment suspension may be
produced by mechanisms other than near-bed velocity shear.
If near-bed velocity shear were the dominant mechanism, the
peaks would be expected to be in phase (or at least with a
constant phase shift associated with the time taken for sed-
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Figure 12. Ensemble-averaged (left panels) and example (right panels) events from mid to inner swash zone. On the ensemble average, time = 0
corresponds to the local minimum depth. For a color version of this figure, see page 933.

Table 3. Mean ensemble-averaged values and mean standard error.

Offshore (N = 7)

Onshore (N = 9)

Metric u(ms) c (kgm2) q(kgm2s? u(ms) c (kgm2) q(kgm2s?
Mean —0.24 8.4 -3.6 0.17 8.9 11.8
Mean standard error 0.12 3.5 3.5 0.06 2.9 4.7
Peak velocity —1.24 1.68
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iment to travel upwards from the bed to a measurement
height). However, the peaks would not necessarily be in
phase if other mechanisms, such as bore turbulence (e.g., Butt
et al., 2004; Puleo et al., 2000), acceleration (e.g., Calantoni
and Puleo, 2006; Nielsen, 2002; 2006; Puleo et al., 2003), or
in-exfiltration (e.g., Nielsen, 1998; Turner and Masselink,
1998), were significantly contributing to the sediment sus-
pension. The fact that the near-bed peak in suspended sedi-
ment concentration occurs about 0.6 s after the peak in the
mid-water-column velocity shear suggests a possible link be-
tween sediment suspension and turbulence caused by up-
rush-backwash interaction. During the arrival of the bore at
the measurement position, Butt et al. (2004) measured in-
creasing water depths at the same time as increasing offshore
velocities near the bed. This suggested the possibility of mid-
water-column velocity shear whereby the bore would be forc-
ing the flow onshore in the upper water column, while the
backwash flow still dominated in the lower water column.
Those observations, which were made using measurements
from a single height, are supported by the vertical profile of
measurements from the present study.

The fact that there were no vertical (w) velocity measure-
ments in the present study precludes analysis of the vertical
structure of the velocity including all three components, or
turbulence analysis in terms of Reynolds stresses, both of
which might reveal information on sediment-suspension
mechanisms. For example, Aagaard and Hughes, (2006) ob-
served strong vertical velocity fluctuations in the swash zone
at the leading edge of the uprush and discuss several possible
mechanisms that might be producing them, including tur-
bulent eddies advected shoreward from the inner surf zone
and the phenomenon of downbursting, as previously observed
in the laboratory by Kubo and Sunamura (2001). Therefore,
further work to the present study might include examining
the structure of all three velocity components within individ-
ual events.

Presuspended sediment being advected shorewards by
flows higher in the water column than those upon which ve-
locity-moment calculations are based would also affect the
overall direction and magnitude of the transport, particularly
in the outer-swash and inner-surf zones. This can be seen in
Figure 11, where relatively weak onshore fluxes between z =
10 cm and z = 29 cm result in depth-integrated fluxes of a
similar magnitude to the offshore depth-integrated fluxes
produced by much stronger fluxes confined close to the bed.
The velocity shear in Figure 11 shows that the near-bed ve-
locity remains offshore for a considerable time after the ar-
rival of the bore (indicated by a sharp rise in depth), even
when the velocity higher in the water column is already on-
shore (e.g., Butt et al., 2004). Very little work has been done
on advection of presuspended sediment in the swash zone,
apart from that associated with bore collapse (Jackson, Mas-
selink, and Nordstrom, 2004; Pritchard and Hogg, 2005).

The ensemble-averaged event from the inner swash zone
(Figure 12) shows a possible relationship between suspended-
sediment concentration and acceleration (¢ = 0.9 s). Accel-
eration has been suggested in previous studies (e.g., Nielsen
et al., 2002; 2006; Puleo et al., 2003) to be important for sed-
iment suspension, although it is still not clearly understood

whether, in the inner-surf and swash zone, the dominant
mechanism may be bore turbulence because high accelera-
tions have been generally measured when turbulent vortices
from the bore are likely to be reaching the bed. For example,
Puleo et al. (2003) suggest that the inclusion of an accelera-
tion term in a simple sediment-transport model improves the
model because it encompasses bore turbulence as well as hor-
izontal pressure gradients associated with the accelerating
portion of the uprush.

CONCLUSIONS

The cross-shore distribution of suspended-sediment flux,
with particular emphasis on the inner-surf and swash zones,
has been derived from field measurements in different hy-
drodynamic forcing conditions. Using measured fluxes, rath-
er than inferring the fluxes from velocity moments, is essen-
tial because of the existence of non-energetics type sediment-
transport processes in the inner-surf and swash zones.

The flux distribution is clearly not the same in high-energy
conditions as it is in low-energy conditions in the inner-surf
and swash zones, but it is similar in the outer-surf and shoal-
ing zones. In high-energy conditions, the flux distribution is
dominated by a large offshore-directed peak in the outer
swash zone, and in low-energy conditions, the dominant fea-
ture is a weak, onshore-directed flux in the swash zone, in-
creasing towards the shore.

The processes that drive the above patterns have been
more closely investigated by examining instantaneous time
series together with the vertical and temporal structure of
velocity, sediment concentration, and flux within individual
events.

In individual events, where offshore transport was domi-
nant (typical of the outer-swash and inner-surf zones in high-
energy conditions), the vertical structure suggests that sus-
pended sediment responds just as readily to mid-water-col-
umn velocity shear from the uprush-backwash interaction as
to boundary-layer shear, suggesting that the former could be
significant for sediment transport.

In individual events, where onshore transport was domi-
nant (typical of the mid-to-inner swash zone in low-energy
conditions), the vertical structure is quite different and sug-
gests that the suspended sediment responds more readily to
near-bed fluid acceleration than to near-bed velocity.
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