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Abstract: Swash zone sheet flow and suspended sedimesptdnmates are estimated on a
coarse sand beach constructed in a large-scaleatabpwave flume. Three test cases under
monochromatic waves with wave heights of 0.74 mwaade periods of 8 and 12.2 s were
analyzed. Sediment flux in the sheet flow layereexts several hundred kg?ra* during both
uprush and backwash. Suspended sediment fluxgs turing uprush and can exceed 200 kg m
25! Instantaneous sediment flux magnitudes in thetdager are nearly always larger than
those for suspended sediment flux. However, seditn@msport rates, those integrated over
depth, indicate that suspended load transportrsrint during uprush for all cases and during
the early stages of backwash except in the cag@dat2.2 s wave case when the foreshore was
steeper. Results could not be obtained for aneesiash event and were particularly truncated

during backwash when water depths fell below teeation of the lowest current meter.



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Highlights: 1) Sheet flow instantaneous flux estimates extleese for suspended sediment
transport. 2) Depth-integrated sediment transgatbminated by suspended load during uprush.
3) Sediment transport rates could not be estimduedg the latter stages of backwash when the

depth is shallower than the lowest current meter.

1. Introduction

Quantifying and predicting sediment transport i@ sivash zone continues to be a challenge for
coastal engineers and scientists. The swash zdrerewvave-driven flows alternately wash up
and down the beach face, is challenging due todrapirbulent, shallow, ephemeral flows.
Sediment concentrations near the bed are extretigly and occur in a thin layer whereas
suspended sediment concentrations may also be dady@early uniform throughout the water

column depending on forcing conditions.

The majority of present knowledge of swash-zonenseqdt transport arises from field studies
that focus on suspended sediment fluxes. Suspessiichent fluxes are estimated as the product
of local velocity and sediment concentration (ésina and Caceres, 2011; Butt and Russell,
1999; Masselinket al, 2005; Pulecet al, 2000). Given the challenges associated with senso
deployment, flux estimates are obtained at a lidnte@mber (1-3) of elevations leading to a
coarse under-resolution of the vertical variabiétyd bulk mass flux estimate. Improved vertical
resolution is attainable using fiber or miniatuggio backscatter sensors (FOBS or MOBS) that
can yield a concentration profile at up to 0.01lasotution (Buttet al, 2009; Conley and Beach,

2003; Puleo, 2009; Pulest al, 2000). However, neither OBS nor FOBS/MOBS provaahy
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information on sediment flux processes that ocauthe high concentration lower flow region
near the bed. These nearbed sediment fluxes indontibutions from bed load and/or sheet
flow. There may be considerable overlap betweentiee transport modes. The commonly
assumed formulation is followed in that bed loacthsracterized as saltating grains whereas
sheet flow is composed of an entire layer of sedinumder active transport. A study on time-
integrated sediment transport indicated the impogeaof nearbed sediment transport relative to
suspended sediment transport (Horn and Mason, 1@@4¢r limited in situ data from the swash
zone (Yuet al, 1990) quantified the magnitude of the nearbedhset concentration but flux
estimates were not presented. New sensors have deegned that more fully resolve the
vertical profile of sediment concentration in theest layer (Lanckriegt al, 2013; Lanckrieiet

al., 2014; Puleoet al, 2010). Preliminary results using these sensodécate the nearbed
sediment transport is a significant fraction of tio#al load sediment transport (Puleb al,
2014b). Horizontal gradients in the total load sezht transport (depth-integrated bed load plus
suspended load), regardless of the dominant transpwde, drive small-scale local
morphological change on an inter-swash basis (Bhsoppet al, 2010; Masselinlet al, 2009;
Puleoet al, 2014a). In an alongshore uniform environmenta@umption thereof), fluxes can
also be estimated with the sediment continuity 8qndy measuring the morphologic change at
numerous cross-shore locations (Blenkinseppl, 2011; Masselinlet al, 2009). However, this
inference does not quantify individually the cobition of each of the two sediment transport

modes.

As mentioned previously, sediment concentration gebbcity are both needed to quantify

sediment flux. Sediment transport studies normédlyus on the cross-shore component and
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utilize impeller (e.g. Puleet al, 2000), electromagnetic (e.g. Masseletlal, 2005) or Acoustic
Doppler Velocimeters (ADVs; e.g. Raubenheimer, 300%pical impellers have a diameter that
does not allow for measurements in close proxitatshe bed. The other two sensor types have
a smaller measuring volume and can be located wijtlst a few centimeters of the bed. Only
several of these sensors can be deployed abovdieufza horizontal location to measure the
vertical distribution of swash-zone velocity duetkeir size and/or measuring characteristics.
Recently, a new profiling velocimeter (Craggjal, 2011) has been used to quantify the vertical
distribution of the nearbed velocity at high spatéesolution (0.001 m) under benign (Puleb
al., 2012; Wengrove and Foster, 2014) and more ener@etileoet al, 2012; Pulecet al,

2014b) forcing conditions.

Puleoet al. (2014b) describe more fully the difficulty in megisg in the shallow water swash-
zone flows. Of particular importance is obtaining/edocity time series throughout an entire
swash event. Electromagnetic and acoustic senspdisaupted when they are first wetted by an
incoming turbulent bore. Noisy data are more pnolaigc for the acoustic sensor due to the
bubbly bore/swash front. Both sensors suffer fropsigional difficulties in that they are, by
necessity, located some finite distance above dde Dhus, when the backwash recedes and the
swash lens thins, there will be a portion of thaswevent where velocities cannot be obtained
using the same current meter. This “missing” portinay represent more than half the true
swash cycle duration (see Section 5) dependingydnodynamic conditions and current meter
elevation. Moreover, in particularly energetic eomiments, there can be more than a centimeter
of morphologic change resulting in considerablaalality in the relative position from the bed

(Puleoet al, 2014a). Every study that uses an elevated cumetér will have this problem of
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artificially truncating the swash event unless entrmeter data are supplemented with other
information. Ultrasonic distance meters (Tureeal, 2008), LIDAR (Blenkinsopgt al, 2010),

or particle image velocimetry (e.g. Hollaetlal, 2001; Pulecet al, 2003a) can provide some
measure of the velocity throughout the full swagblee The former two methods are used to
qguantify the depth-averaged velocity through volwuaetinuity procedures. The latter method is

able to quantify only the free surface horizon&lbeity.

The flow field in direct vicinity of the bed undéeld conditions is unknown regardless of the
location of the lowest current meter or the us@rage-based velocimetry techniques. Flows in
this nearbed region (order of several centimetars) generally assumed to be either depth-
uniform using the value from an elevated currentemée.g. Pulect al, 2000) or assuming a
logarithmic profile (Raubenheimest al, 2004). Recent velocity profile measurements on a
moderately steep, microtidal, low energy beach @@t al, 2012) and a macrotidal, high
energy beach (Pulest al, 2014b) indicated the existence of a logarithnrizfife near the bed
under much of the measured swash duration. Bupl, (this issue) show that the shape of the
nearbed velocity profile on energetic, steep, bescls also logarithmic for much of the

measured swash duration.

This paper focuses on observations of nearbed sp@sh sediment flux obtained during the
BARDEX Il study (Masselinlet al, this issue). The main emphasis of this effotbidetermine
the relative importance of suspended to sheet #ediment transport. Section 2 describes the
experimental details relevant to this paper. Sacdi@xplains the quality control procedures used

on the data set and bed level identification asarted throughout a swash cycle. Formulations



118 for sediment concentrations and transport are gimeBection 4. Section 5 provides results
119 related to sheet flow and suspended sediment fhaofilgs and integrated transport rates.
120 Ensemble-average events for the three test casedsar presented. Discussion and conclusions
121  are given in Section 6 and Section 7 respectively.

122

123 2. Large-Scale Laboratory Experiment and Instruateori

124 2.1 Set Up and Conditions

125 The BARDEX Il experiment was conducted in the Délklame, the Netherlands to investigate
126  barrier dynamics. Full experimental details arevjgted by (Masselinlet al, this issue). A right-
127  handed coordinate system was establishedxiitbreasing onshore azdvertically up. The

128  horizontal origin is the neutral position of theweggpaddle and the vertical datum for the

129  experiment is the bottom of the wave flume. We rbé& the vertical coordinate is designated
130  with a prime here because analyses throughoutaperpvill alter the datum for the vertical

131  coordinate to be that of the instantaneous bed (see Section 3). The initial beach profile

132 consisted of: an offshore sloping section from 2472up to a sediment thickness of 0.5 m, a
133 uniform thickness section from 29-49 m, a 1:15 isigpsection from 49-109 m, a 5 m wide berm
134  crest from 109-114 m and a 1:15 landward slopimgjae from 114-124 m. The sediment used
135 in the experiment was moderately sorted coarse wahda median grain diameter of 0.43 mm.
136  Five experiment series were conducted to invesithad different barrier morphological

137  responses (Masselirgt al, this issue; Table 1). At the end of some of &<, monochromatic
138  wave runs were conducted providing the potentiaeftsemble averaging. Data from

139  monochromatic runs following tests A2 (July 12, 2))1A4 (July 14, 2012) and A6 (July 18,

140 2012) are presented here because they providdmeteoverage of bed load and suspended

6
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sediment transport. Reference to a particularegsts only to the monochromatic run within
that test. Experimental conditions for these monatiatic cases are given in Table 1. The
monochromatic wave height was 0.74 m for all thes¢s but the period changed from 8 s for
test A2 and A4 to 12.2 s for test A6. In addititre water level in the lagoon was higher than

sea level for test A2, lower than sea level fot fesand the same as sea level for test A6.

2.2 Beach Profiles

A mechanical beach profiler attached to an overlvaadage recorded the beach elevation along
the flume centerline following each run within atteeries. Any alongshore non-uniformity
cannot be captured with the profiler. Some alongsimon-uniformity in the morphology and
accompanying swash flows was observed visuallgdéweral of the runs within the A series of
tests but was not routinely quantified. Figure @vek the original beach profile and the beach
profile following each monochromatic test seriesatibed here. The beach steepened through
the A series of tests with erosion in the seawarakt and berm development landward. Swash
zone data discussed here were collected at a shass-location ok = 89.6 m (vertical dashed
line in Figure 1). Elevation changes at this crslssre location are much smaller than those
landward and seaward. The foreshore slope meaforadB5 m <x< 95 mis 1:10, 1:9.5 and

1:7 for test A2, A4 and A6 respectively. The stesgmincreases to 1:8.9, 1:8.7 and 1:6.5

respectively if only the local bathymetry near femsors (89 m < x <91 m) is considered.

2.3 Sensors
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As mentioned in Section 2.2 only swash-zone data fthe central swash-zone measurement
location & = 89.6 m) are presented in this paper (Figur&@Jocities were collected using 2
Valeport electromagnetic current meters (EMCMSs) 2moustic Doppler profiling

velocimeters (VECs). The EMCMs measure the horedorglocity componentsifv) only.

EMCMs were separated by 0.1 m in the alongshoeetian and by 0.03 m in the vertical
direction. EMCM data were collected at 6 Hz. TheGgEare Nortek Vectrino Il sensors (Craig

et al, 2011) that measure a velocity profile of all 3oegty componentsu,v,w) at up to 0.001 m
vertical resolution. VECs recorded at 100 Hz intoarous mode so that no data were lost in
between a file close/open sequence. The 2 VECs segrarated by roughly 0.2 m in the
alongshore direction and by 0.025 — 0.03 m in #énical direction. This separation provided a
highly-resolved velocity profile over up to the lem0.06 m of the water column. Often the range
of the acoustic velocity profile bins intersectbd at-rest bed level. However, under active sheet
flow conditions it is not clear how far the acoagiulse penetrates into the sheet layer. Water

levels were recorded by a buried pressure transdDceck PTX1830) and recorded at 6 Hz.

Two different sensors were used to measure sedimemtentration. Suspended sediment
concentration (SSC) was recorded using 4 CamphménSgfic Optical Backscatter Sensors
(OBSs) within the water column. Sensors were sépdria the vertical by 0.02 m. The initial
elevation of the lowest sensor varied with test bemThe lowest OBS was located at 0.053 m,
0.04 m and 0.032 m at the beginning of the monaouhtix forcing for tests A2, A4 and A6
respectively. OBS concentrations were recordedbatd. Sediment concentrations in the sheet
flow layer were measured using a conductivity comreion profiler (Figure 2B,C) designed at

the University of Delaware (CCP; for a full destiop see Lanckrieet al, 2013; Lanckrieet

8
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al., 2014; Pulecet al, 2014b). The CCP uses electric conductivity asaxy for sediment
concentration. Water has conductivity several ardgr magnitude higher than the essentially
non-conductive sand. The conductivity of a parcwolume in space decreases as a function of
the sand/water ratio within the volume. The CCHij@®the sheet flow sediment concentrations
(SFSC) with 0.001 m vertical resolution over a margf 0.029 m. The CCP consists of a
removable probe with gold-plated electrodes andvV& Pousing containing the electronics
(Figure 2B). The actual sensing mechanism reliesherd-electrode approach (Li and Meijer,
2005). Multiplexers within the circuitry shift thective elements through the electrode array to
return the SFSC profile. Sensors were deployed unyabwith only the small measurement
portion with cross-sectional area of 0.0016 m ghik 0.0056 m (wide) x ~ 0.04 m (high)
exposed to the flow (Figure 2C). Sensor burial ceduscour and wake effects and the
surrounding sand helps support the thin, semifflexprobe tip. Several CCPs were deployed
under the VECs and separated in the alongshorgp@mately 0.2 m. Sensors were aligned
visually during deployment such that the electrodese parallel to the cross-shore direction.

CCPs were sampled at 8 Hz.

3. Data Quality Control and Bed Level Identificati

Data from different sensors were collected on sgpdaptop computers. Individual computers
were time synchronized to a common time datumtmividual samples were not triggered
simultaneously. Data from the VECs, EMCMs, OBSs Riid were interpolated to the same

time vector as that of the CCP for direct companfgtilization between time series.
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Pressure transducer data were corrected for atraospgbressure and converted to water depth
using gains and offsets determinedébypriori laboratory calibrations. The EMCMs and VECs
were calibrated by their manufacturers and are Ihigtable. CCP data were converted to
sediment concentration using Archie’s Law (Archi®42) and the clear-water and packed bed
conductivities (Lanckrieet al, 2013). OBS data were calibrated in the laboratpryadding
known sediment masses in incremental amountseoigculation chamber with a known volume
of fluid using sediment samples collected from leel below the sensor during the study. This
aspect of data calibration is the most challengtwge to difficulties in maintaining a
homogeneous mixture of high sediment concentratfocoarse grains. Calibrations were only
conducted for concentrations up to 80-100 k§j @oncentrations beyond this range are reported

in this paper assuming the linear relationshiploaextrapolated.

The bed level varies throughout each test and duwative forcing. Water depths from the PT
are adjusted to account for the pre- and post-swashlevel when the area above the PT is
known to have zero water depth. Other sensor datst miso be adjusted so that they are
referenced to a common local vertical datum. Tlealleertical datum used here is the top of the
non-moving sediment bed (bottom of the sheet layédertical distances from this elevation

datum are defined on tieaxis. Lanckrietet al. (2013) defined the sheet layer bottom for CCP
data as the elevation where the volumetric conagatr is at a loose packing limit of 0.51 (=

1352 kg i) (Bagnold, 1966a). Alternatively, it is noted théte bed level can also be

determined based on the gradient of the instanteneoncentration profile (Lanckriet al,

2014; O'Donoghue and Wright, 2004). The sharp ‘Eesttransition region in the sheet flow

10
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concentration profile is typically co-located wahvolume fraction near the loose packing limit.
Once the bed level is identified from CCP data,tdmporal variability is applied to individual
sensor elevations. This means that in additiorath sensor having a time series of its particular
measurement it also has an associated time sérgsvation relative to the time dependent bed
level. Not accounting for this bed level variatican have serious ramifications when estimating
bed shear stress as discussed in Pelle. (2014a) and sediment transport rates for an assume
sensor elevation due to improper elevation for \tekcity measurement or incorrect vertical

integration limits.

Data for the EMCMs, VECs, CCPs and OBSs were reohdvem the record when their
respective elevation was above the time-dependeatsurface. Additional quality control steps
are required for VEC data. VEC data were removednathe beam correlation was less than 70
% or the beam amplitudes of at least 2 beams wessethan -30 dB (similar to the approach used
by Puleoet al, 2012 with these sensors). Poor correlation andkwamplitude is usually
associated with bubbles or a large sediment loglimihe sampling volume. Additionally, VEC
data were removed if 1) velocity differences ofagee than 0.5 m™Ycorresponding to a clearly
erroneous measured flow acceleration of 50 R) were recorded between subsequent
measurements, 2) if any remaining velocity measargsoccurred for time segments of less

than 10 samples or 3) a bin was located belowrtsiamntaneous bed level.

4. Sediment Flux, Sediment Transport and Hydrodyodorcing Descriptors

Figure 3 shows a schematic of assumed swash-zoloeityeand sediment concentration

profiles. The horizontal scale on the sediment eatration graph can be thought of as

11
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logarithmic to more adequately account for the dapansition in concentration from the sheet
flow layer to the suspension layer. In practicécuating the sediment flux should be simply the
product of the velocity and concentration profilé known field or laboratory swash-zone
study has been able to accomplish this “simpletwation because of measurement gaps and
variations in sampling volumes. Although the oviedata set collected as part of this study is
highly resolved, it still suffers partially from tagap issues. For example, suspended sediment
concentration was obtained from only 4 verticavat®ns. A pragmatic approach is taken and
data are extrapolated in space in an effort tbitfil the gaps to provide an approximation of the
sediment transport. Data are not extrapolated ine ti(see Section 6). The gap in the
concentration profile between the lowest OBS armdttip of the sheet layer is approximated by
assuming an exponential concentration profile. Gapbe velocity profile between the lowest
valid EMCM reading and the highest VEC bin are agpnated with a linear interpolation. No
velocities in the sheet layer were measured dsggtmal attenuation attributed to high sediment
and bubble concentrations. In fact, to the authkngwledge, no swash-zone velocities in the
sheet layer under prototype conditions have even lmeeasured. However, previous laboratory
studies have suggested the velocity profile ingtaaular sheet layer can be approximated using
a maximum velocity at the top of the sheet layet aaro velocity at the bottom of the sheet

layer (e.g. Pugh and Wilson, 1999; Wang and Yu,/268

u(t,z) = us, (t) (ﬁ)n for 0 <z < 6,(t), Q)

wheren is positive and ranges from 0.5 touky(t) is the velocity athe top of the sheet layer
op(t) is the sheet layer thickness ands the vertical coordinate with= 0 at the instantaneous

bed level. Thus, the origin for thecoordinate is the bottom of the sheet flow layed #hat
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origin necessarily varies as a function of timehesbottom of the sheet flow layer also varies in
time. In Eq. (1)nis set to 1, resulting in a linear velocity prefiSee Section 6) and the near-
bed velocity at 0.005 m above ttog of the sheet layer is nominally used €g(t) The velocity
from the next highest VEC bin or EMCM is used irstances where no velocity data are
available at 0.005 m above the top of the sheetlaytilizing us(t) in this manner allows for an
increased number of sediment transport rates twebermined but does mean that the elevation

from which the value is extracted may vary sligltlyer the swash cycle.

Instantaneous cross-shore suspended sediment dlyx{t,2, and cross-shore sheet flow

sediment fluxgsneeft,2), are estimated as

Gsusp (L, 2) = u(t,2)SSC(t, z) 2)
and

qsheet(t' Z) = u(t' Z)SFSC(t» Z) (3)

whereu(t,z) is the constructed cross-shore velocity obtaimechfthe VEC and EMCM array.
Egs. (2) and (3) are only valid within the suspehdead and sheet flow layer regions
respectively. Instantaneous suspended load transpog(t), and sheet load transpoQsneeft),

are obtained by integratingus{t,2) andgsnec(t,2) over the vertical as

Qsusp(®) = [2%** quusp(t, 2)dz (4)

Sp

and

13



297 Qsneet (V) = [;2 Qsneet(t, 2)dz (5)
298  wherezg, is the elevation of the top of the sheet layeiindef to occur where the volumetric
299  concentration is 0.08 (Bagnold, 1966&)zs, is the elevation of the highest OBS anéd 0 is

300 the instantaneous bed level as defined previod$ig.integrals are calculated as summations in
301 practice because the velocity and sediment corat@nir profiles are not known analytically.
302 Combining the two transport rates provides a higbhbolved sediment transport profile from
303  within the sheet layer to ~ 0.08 m above the bed ckarity, we refer t@ as sediment flux an@

304 as sediment transport throughout the paper.
305

306 Sediment transport estimates are generally defreed bed shear stress measurements. The bed
307 shear stress, is estimated from the VEC velocity profile in erdo examine potential sediment
308 transport relationships in this study. The mearocig} profile in a fully developed turbulent
309 boundary layer is often quantified using the vomrKan-Prandtl relationship

310
311 u(t,2) ==2in(Z) forzs, <z<zy, (6)
0

312

313  whereux(t) is the friction velocityx (= 0.4) is the von Karman constant agds the roughness
314 height. Eq. (6) is assumed to be valid for moba&esfrom just above the top of the sheet layer
315 through to the top of the boundary layer zgt The relationship is undefined at= 0 so
316 application can only occur far > 7. Eq. (6) was not originally developed for accdieig or

317 under-developed turbulent boundary layers, but baen used with success under these

14
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conditions in past studies (Jenssral, 1989; O’'Donoghuet al, 2010; Pulecet al, 2012). The

bed shear stress is related to the friction vejduyt

T (0 = pu.(O)|u.(®)l, (7)

wherep is the fluid density, and | | indicates magnitierder to maintain the direction of

cross-shore shear stress.

The logarithmic model is used to determinefor each velocity profile and hence the bed shear
stress. A least squares regression between theityefwrofile andin(z) is performed on the
VEC profile. Only the lower 0.03 m of the water wain is used to estimate the shear stress due
to the potential for non-logarithmic profile variaty away from the bed. The slops, of the
least squares regression yields= sk and the shear stress is obtained using Eq. (7. Th
logarithmic model fit, quantified by the squaretié correlation coefficient, is rejected when

it poorly fits the data, as past studies usingeetse-averaged data usedrarcutoff of 0.9 or
more (e.g. O’'Donoghuet al, 2010). Data under prototype conditions with fevidentical”
realizations for ensemble-averaging have more biitia An r? value of 0.7 is used in this study

as an indicator of poor model fit to instantanedats.

5. Results

5.1 Hydrodynamics and Sediment Concentration

15
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Figure 4 shows hydrodynamic and sediment concémtrdata from test A2. The water depth
exceeds 0.1 m for each event as identified in Eigé. Cross-shore velocities from the EMCMs
occur within the time frame for each swash eventiawe a shorter duration due to their
elevation. The EMCM higher above the bed (blackeun Figure 4B) only registers a velocity
during the deepest parts of the swash cycle. Maximaprush velocities approach 1.5 thfer

this test. Measured backwash velocity magnitudesod@xceed 1 ni’sfor this test because the
water thins rapidly under these forcing condititeessing the sensor exposed. Suspended
sediment concentration peaks near the beginnitigeafneasured portion of the swash cycle
(Figure 4C) where velocity data are not fully resal. Maximum suspended sediment
concentrations are generally less than ~100 Rdanthis test. Corresponding sheet flow
concentrations are shown in Figure 4D. Note thizidifice in the vertical scale and the
concentration scale where maximum SFSC exceedsK@00. The black curve is the bottom
of the sheet flow layer The magenta curve is tipeofahe sheet flow layer defined at a
volumetric concentration of 0.08 (Bagnold, 1956 & the sensor location is inundated there is
a rapid decrease in SFSC as material is mobilaedward and carried into the water column
leading to the corresponding increase in SSC. Sk&&show increased signal saturation
through this roughly 90 s data segment. Signakaatun is indicative of individual profiling
points located in the stationary bed and here sidhe bed level increased by ~0.025 m. The
same types of signals are seen for test A4 (Figuwehere the forcing conditions were the same
but the lagoon level was lower and the profile wslaghtly steeper. Cross-shore velocities are
quantified throughout more of the backwash dudaéoEMCMs being closer to the bed at the
beginning of the test. Test A6 (Figure 6) displeyger signals than test A2 or A4. The wave

period increased from 8 to 12.2 s and the forestloge was steeper for Test A6 as compared to
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the other tests. Water depths at the measuremettda (Figure 6A) are more than double those
for the other test cases. Maximum velocities (FeghiB) are similar to the other cases, but both
EMCMs record for nearly the same amount of time tdute deeper conditions. Maximum SSC
values, unlike those in the other tests, exceeckB0@® and show sharp increases with the
swash arrival. SSC peaks are also occasionallyreddén the backwash. SFSC trends show a
fairly stable time-averaged bed level (Figure 600)e beach profile at the beginning of the test
was steeper than in test A2 and A4 and perhapsasigquilibrium causing the bed to change
little in @ mean sense. During an individual swemindation, though, the bed level dropped
rapidly by ~ 0.02 m. Sediment is deposited neardurthg flow reversal as indicated by an
increase in SFSC during these times. Sedimentaiis agobilized in the sheet layer during

backwash but not to the same depth as that foishpru

Only EMCM velocities were shown in Figures 4-6. VE€locities provide an indication of the
vertical variability as a function of time. Figureshows an example of 3 swash events from test
A2. Cross-shore velocity time series from sevelalaions above the top of the sheet layer are
similar to those from the EMCM (Figure 7A; gray drldck curves). EMCM velocities are
difficult to see in the figure due to their consisty (magnitude and phasing) with the VEC
velocities. Vertical profiles of the cross-shoréoety (Figure 7B) are extracted from the record
at the times identified by the vertical dotted (ugdr) and solid (backwash) lines in Figure 7A.
Uprush (backwash) velocities are indicated by djgtosed) circles. The boundary layer is
thicker at the beginning of the swash cycle anceappto show a thinning until near flow
reversal (Figure 7B; the “kink” in the velocity gile near an elevation of 0.03 m for the red

circles progressively decreases to about 0.02 rthéocyan to black to magenta open circles).
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There is no boundary layer at flow reversal (Figtie filled red circles). Boundary layer
formation happens rapidly and is seen to grow thinout the backwash (Figure 7B, cyan to blue

to magenta to black filled circles) until the sensmerges from the water column.

5.2 Sheet Flow and Suspended Sediment Fluxes

Example sheet flow and suspended sediment fluxege$bA2 are shown in Figure 8. Water
depths (Figure 8A) are shown for context and etegtnning and end times. Suspended
sediment fluxes at 4 different elevations indicaiasiderable differences in magnitudes with
distance away from the bed (Figure 8B). Maximunpsuslied sediment flux magnitudes exceed
100 kg n¥ s* during uprush and backwash. Sheet flow sedimertil also shown at several
elevations above the bed (Figure 8C). Sheet flainsent flux magnitudes are larger than those
for suspended sediment fluxes (note the differémd¢lee vertical axis range between Figures 8B
and 8C). Uprush sheet flow flux magnitudes exce@@k®y m? s* while those in the backwash
exceed 500 kg s’ for the few events shown here. Vertical variabitifithe sediment fluxes
(Figures 8D,E) is shown for ten time instances degliby the vertical lines in Figure 8C. Dotted
vertical lines and corresponding flux profiles &oeuprush while solid lines and corresponding
flux profiles are for backwash. Suspended sedirfiertprofiles (Figure 8D) show decreased
values as the bed is approached but do not reaclsiree the flow velocity for suspended load
does not reach exactly zero at the top of the dhget. Flux profiles near flow reversal are more
varied and do not show as much indication of a dawnlayer as expected. Suspended sediment
flux profiles extend to a maximum of about 0.07 lbowe the bed. The assumption of a linear

velocity profile had to be invoked for the lowerrpaf the water column and near the uprush
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initiation due to poor velocity quantification (st instance the red dotted and black dotted
lines in Figure 8D). Corresponding sheet flow sestitrflux profiles are suggestive of a
boundary layer like transition through the sheatflayer (Figure 8E). However, the profile
shape results more from the shape of the sedinoiceatration profile than the assumed linear
velocity profile through the sheet layer. Sheewfltux profiles can extend to about 0.02 m
above the bed during uprush but are more typicahfined to about 0.01 m above the bed for
the rest of the swash duration. Sheet flow fluXiranagnitudes for backwash generally exceed
corresponding profiles for uprush as expected fragaires 8B,C (note the difference in the

horizontal scales between Figures 8D,E).

Sediment flux profiles from Figure 8 are integrate@r depth using Egs. (4,5) to quantify the
suspended load and sheet load transport (Figuk&¥&er depths are shown in Figure 9A for
temporal context. Suspended load transport magest(lolack curves in Figure 9B) approach 5
kg m* s* during uprush but are generally less during tisended portion of the backwash.
Sheet load transport magnitudes (grey curves iargigB) are similar for both uprush and
backwash with maximum magnitudes exceeding 2 K The time series indicate that
suspended load transport exceeds that of sheetriyaport during uprush and is similar in
magnitude during backwash. The ratio between tlweswdiment load transport magnitudes is

defined as

Qsusp/Qsheet when Qsuspz Qsheet (8)
Qratio=

Qsheet/qusp when Qsusp< Qsheet
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Qratio is shown in Figure 9C where black dots indicatldainance of suspended load transport
and grey dots a dominance of sheet load transpdptasio value of 1, identified by the horizontal
dotted line indicates the sediment load transpagmtudes are equal. The transport ratio
approaches 8 during uprush and is generally cotfioeear 1 during backwash. The mean +
standard deviation for instantaneous suspendediaasgport dominance is 4.48+5.90 while that
for instantaneous sheet load dominance is 6.034 2®ie interquartile range (IQR) is 1.55-4.70
and 1.13-1.88 for suspended load and sheet loathdted portions of the swash zone,
respectively. The IQR is meant to give anotherdation of the spread in the transport estimates.
Figure 9C indicates that much of the suspendeddoatinance occurs during uprush while
sheet load dominance occurs during backwash. The meason suspended load transport is a
significant contribution to uprush transport isttelaeet flow layer is generally only ~0.01 m

thick whereas the suspended load layer used iodlecalations is often over 0.06 m thick Thus,
even though the instantaneous flux estimates feetdtow often exceed those for suspended
sediment flux by a factor of 2 or more, the restiiicrange over which the transport mode occurs

reduces its overall influence on the total loadsport rate during uprush.

5.3 Ensemble-Averaged Transport Estimates

Figure 9 showed the transport rate estimates A2 only and for just a few swash events.
Ensemble-averaging is undertaken to show simikulte for a typical swash event and for the
different test cases (Figure 10). Swash eventdefired during each test case based on the
water depth time series that goes to zero in betwebvidual swash events. Velocities and

sediment concentrations are interpolated to a Wieator at 8 Hz with a duration corresponding
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to the wave period (Table 1). Averaging is onlyrieal out across the space and time positions
when data exist so that the average is not adgifjcskewed by missing data. Only several waves
are used for each average in an effort to compiais that are similar. That is, waves are only
considered when the bed is identifiable for theansj of the cycle and sheet flow exists within
the measurement range of the sensor. Thus, sevavak are often removed from the beginning
and end of the test case (e.qg. first few wavesgarg 5; test A4 are not used). Six waves are
used for ensemble-averaging for test A2, 8 forAdstaind 12 for test A6. This method provides
statistically robust estimates, but is biased tolwahe lower forcing conditions when there is
less morphologic change. Suspended sediment fhfigs are shown as a colormap for the
three tests (Figure 10A-C). Note the differencthmcolor scale for test A6. Ensemble-averaged
suspended sediment flux profile values are lardeshg uprush and exceed 50 ki st for test
A2, 20 kg i s for test A4 and 180 kg ts™ for test A6 (Figure 10A-C). Ensemble-averaged
uprush sheet flow flux profile values exceed 20Gkgs™ in all cases but are largest for test A6
(Figure 10D-F). Sediment load transport magnitudey considerably for the three test cases
(Figure 10G-I). The weakest transport magnitudeda@und for test A4 even though the forcing
and foreshore slope conditions are similar toA@stA possible explanation is the higher lagoon
level during test A2 that may increase bed satumagnhancing sediment mobility. The largest
transport magnitudes are found for test A6 witheaevheight similar to test A2 and A4 but with
a longer period and a steeper foreshore. In allcse suspended load transport exceeds the
sheet load transport during uprush (Figure 10Jdbld 2). Sheet load transport is similar to
suspended load transport during backwash for seststA2 and A4. Sheet load transport

dominates during backwash for test A6 (Table 2).
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5.4 Shear Stress and Sediment Transport Prediction

Bed shear stresses are estimated for the ensewdnbga event using eq. (7) and the approach
described in Section 4 (Figure 11). Shear stregminales are largest during backwash and
exceed 40 N ffor all three test cases. There is no clear dontie®f one test case over another
with regard to bed shear stress during backwagsim&®d uprush bed shear stresses tend to be
smaller than those in the backwash except forABstThis result is counter to general
expectations on a steep natural beach and redentlary findings (e.g. Kikkert al, 2013).
Differences in bed shear stress magnitudes betugersh and backwash are likely to stem from
the lack of data during the initial phases of upraden the sensor just becomes immersed and

the flow contains a large void fraction.

Sediment transport in coastal environments is akéated to some type of an energetics
formulation (e.g. Bagnold, 1966b; Bailard, 1981)eTmain components of the energetics
formulation are a mobilizing term, the bed sheesesst, and a transport agent: the velocity. In its

most simplistic form the model can be written as
Qs(®) = kt(®u(e) | ©)

whereQ;s is the sediment transport ratgis gravitational acceleration (= 9.81 i) sindk is a
dimensionless constant. The veloaitizas to be obtained from some elevation. Here, the
velocity from the top of the measured cross-shetecity profile from the Vectrino Il is used.
The formulation for nearbed and suspended loadp@m in their most basic forms are similar

so that eq. (9) can be used for either transpodenfor the total transport) by varyikgThe
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transport potential defined as eq. (9) with et to unity is shown in Figure 11B. The transport
potential is weak during uprush except for testaf® exceeds 2 kg hs* during backwash for
the three test cases. Figures 11C,D show the nestielated transport (horizontal axis) in
relation to the transport estimates from the in sitsemble-averaged measurements (vertical
axis). Comparisons are made for suspended loadr@gLC) and sheet load (Figure 11D)
separately. Linear fits are carried out for uprasld backwash individually and the
correspondence between the model estimate andagstirom in situ data are fairly linear

(Table 3) with slope valuek, ranging from 0.24 to 24.7 for suspended loadsjpart and 0.28 to
6.2 for sheet load transport. Uprustialues exceed corresponding backwlashlues for the 3
tests and both transport types. The largest vdtwdsoccur for test A6. The majority of the

otherk values are less than 1 but still show considersylead.

6. Discussion

Data in this study are some of the most completéopype swash-zone sediment transport and
velocity measurements ever collected and are wsddtermine the importance of suspended
sediment to sheet flow sediment transport. It imfbthat generally the depth-integrated
suspended load is dominant during uprush whilerdegéegrated sheet load is comparable to
depth-integrated suspended load during much dbdlckwash. These findings are in general
agreement with those of past work suggesting thmesipis probably dominated by suspended
load transport (Masselingt al, 2005; Pulecet al, 2000). The results are also consistent with
previous findings associated with swash-zone dtegtmeasurements (Lanckriet al, 2014;

Puleoet al, 2014b). Backwash suspended and sheet load trnegs 6-8 kg il s* (compared
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to up to ~7 kg rit s* for this study) under more prolonged backwash. iaxn uprush
suspended load transport exceeded maximum upresh #bw transport in the Pulest al.
(2014b) study by approximately a factor of 2 andlg® consistent with the findings in the
present study for Test A2 and A6. Itis noted, beer, that the analysis in Pulebal. (2014b)
study was not performed to the same level of dataltere regarding the velocity and
concentration data as a function of space and fiilne .effect of spatial and temporal data gaps
and variations on the estimated transport ratesripg on assumptions made in the

calculations in the present study are discusseddur
6.1 Spatial Data Gaps

A major difficulty in determining the importance ofie transport mode over another is
measuring the entire velocity and sediment fluXigoWe were not able to fully overcome this
challenge even though the data have bridged dfisgmi gap by including sheet flow estimates.
The measurements in this study required spatiatpotation near uprush initiation when
velocity measurements tend to be difficult to capteliably, throughout other portions of the
swash cycle when acoustic data reliability indicatwere poor and simply because the EMCMs
were located some distance above the VECs. Angthtential effect of spatial data gaps is the
inability for the sheet flow layer flux profiles tnerge smoothly with the suspended sediment
flux profiles at the top of the sheet layer (seeeitample the horizontal offsets between
corresponding curves in Figure 8D,E). However, othsearchers (Dohmen-Janssen and Hanes,
2005; their Figure 13) have also shown the difficint aligning flux estimates from the two

transport regions.

6.2 Temporal Data Gaps

24



538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Spatial data gaps are compounded by temporal datg §imple statistics involved in time
averaging when data gaps are biased toward pantisgve phases would suggest that the
temporal data gaps are of more concern when qyengfifwash-zone sediment transport. It is
evident from Figures 8-11 that much of the veloaity transport signals from the swash zone
are artificially truncated. The time axis in aljdires are true to the swash event duration based
on water depth but more than half of the eventtthmaas no velocity or sediment flux data
record. Sensor data are usually noisy when firgténsed during uprush initiation causing the
initial stages to be missed. Lack of data is alswagor concern during backwash. Velocity
sensor emergence from the water column duringhin@ing backwash renders a substantial
portion of the event un-measured in terms of sedirtransport (the CCP can still measure the
sheet flow concentration but has no correspondatgcity that enables calculation of flux).
Note, that data gaps in either phase of the swgdl bave the potential to alter the calibration

coefficients when correlating “measured” to preglicsediment transport rates.

As alluded to earlier, temporal gaps in the tim@esecannot be overcome with an in situ

velocity sensor that must be located some elevatimve the at-rest bed. Remote sensing is one
approach that may overcome this issue. An exarspleei use of particle image velocimetry

from a downward-looking imager to quantify the sige velocity as the flow thins (Lawless,
2013). The technigue cannot predict velocities Wwdlte surface but a surficial velocity
throughout the duration of the event would enhdheebility to estimate sediment transport
rates. No effort was undertaken in this study teed the measurements temporally because the
velocity time history shape is difficult to detemeia priori. Puleoet al.(2014b) discussed and

Lawless (2013) showed that the velocity in the &gt can slow considerably as the water
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depth thins and friction begins to dominate grdiotaal forces. Having knowledge of the

velocity and sediment transport rates throughogietitire swash duration could lead to different
results than those obtained here. We speculaté¢hthanbajor difference would be a larger
dominance of sheet flow transport during backwastha flow thins (Figure 12) and there is less
vertical capacity for suspended load transport.s®vezmne water depths during the test cases
shown here and indeed on most intermediate toctefiebeaches exhibit a depth time series
similar to that shown in Figure 12A. The velocitgrh a current meter can only be measured for
the duration contained by the two vertical dotieds. A short portion of the velocity record
during uprush is lost due to depth and sensorrthatice issues (Figure 12B). A much longer
portion of the velocity record is lost during ba@shk due to the shallow depths. The lack of data
during this time makes identifying the overall inn@amce of sheet flow sediment transport
difficult. Figure 10l showed an increase in Mg, during backwash when sheet flow dominates
but the ratio decreases at the end of the measuntgrogion. The decrease is likely due to
weaker velocity measurements as the current metgndto emerge. But as the depth continues
to decrease, the importance of sheet flow transpaytincrease even though the velocity is
expected to decrease (Figure 12C). At some timagackwash flow the depth will reach a
point where there may be sheet flow transport ddtymparing sheet flow to suspended
sediment transport during these instances is rextiple, and indeed transport during these
instances has yet to be measured but visible oasensuggests the transport during this time is

still significant.

6.3 Sediment Transport

Energetics sediment transport formulations have lbsed in the swash zone for many studies

(e.g. Buttet al, 2005; Hugheegt al, 1997; Masselinlet al, 2005; Pulect al, 2000). The
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general consensus is that the simple formulatiomsiaet adequate for predicting swash zone
sediment transport. Model modifications have beaderin an effort to enhance the predictive
capability (Buttet al, 2001; Buttet al, 2004; Pulecet al, 2003b) but the predictive skill was

still limited. The results shown here are somevdailar to past studies but indicate there is
only moderate at best model skill using the singpproach. This is evident from the wide range
of k values (Table 3). Many past field efforts use@arse representation of the velocity and/or
sediment concentration profile and none had detaileasurements of the sheet load transport.
Those coarse measurements may be somewhat redpdaosiiie poor to moderate predictive
skill of the energetics approach when applied tasdwzone field data. It is not clear if this is the
case here because even the level of detail irstdy is not adequate to fully indicate model

skill throughout an entire swash event.

6.4 Sensitivity of Transport Estimates

Sediment transport results were presented usingmarie averaging approaches and through
depth integration. While each event used in a @aer ensemble average is similar, they are not
identical. Variability is presented for the sedimegansport rates (Figure 13) as that is the most
straightforward for graphical presentation and galhethe quantity of interest with respect to
sediment transport studies. The range providetieadépth-integrated ensemble average + the
standard deviation is roughly the same for she&t #nd suspended sediment transport (Figure
13A,D,G) except during the largest uprush transpdrere, the suspended load transport
estimate can vary up to almost 50 % for some t&&diment transport in the sheet flow layer

had less variability except for test A4 (Figure }3Dring the backwash.
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606  The variability presented relies solely on the emsle averaging assuming the individual

607 measurements are without error. There are numéaat's that can introduce errors into the

608 measurements including the sensors themselvesabiigyi in the sheet flow thickness would

609 alter the region over which that transport typeakulated. However, the original work with the
610 CCP sensor showed the sheet flow thickness essmateg either the shape of the concentration
611  profile (Lanckrietet al, 2014; O'Donoghue and Wright, 2004) or a concéintrautoff

612 indicative of a loose packed bed (Bagnold, 1966asamilar. Optical backscatter sensors also
613  have the potential for introducing error. OBS daltibn can be problematic especially for coarse
614  grains that are difficult to suspend homogeneouBatibrations are performed using sediment
615 collected from the bed below the sensor (unlessppseimples are taken). However, the

616  distribution of the material in suspension durirgedcollection versus that composing the bed
617  material is almost certainly different. These défieces will manifest in the calibration in an

618 unknown manner. Bubbles have also been showrifizially increase the OBS measurement
619 by up to 25 % (Puleet al, 2006). If the OBS values during uprush wererireby that

620 percentage then the difference between the esthsatpended and sheet flow sediment

621  transport rates would decrease but not enoughtmtdlow transport to become dominant in

622  tests A2 and A6 (i.e. multiply the suspended loaddport rates in Figure 13A,D,G by 0.75).

623

624  The method used to estimate sediment transporlsarinduce error in the calculation. Sheet
625 load transport was estimated assuming a lineaagafation of the velocity profile through the
626  sheet layer. Previous studies have shown thatetoeity profile may vary with an exponent of
627 0.50r0.75 (Sumest al, 1996; Wang and Yu, 2007). Sheet load transporeases in general

628 and for some portions of the cycle by over 60 % e velocity profile in the sheet flow layer
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629 is recalculated using an exponent of 0.5 (Figui®,E3H). The range on the sheet load transport

630 estimates also increases.
631

632  No effort was undertaken originally to extend tiedoeity or suspended sediment transport

633  profile to the free surface. There are a varietgmifons for doing such a calculation (all

634  potentially introducing additional unknown erroa):assume the flow and concentration are
635  vertically uniform above the highest submerged OSinearly extrapolate the concentration
636  above the highest submerged OBS using the seditnanéntration gradient from the two

637  highest submerged OBS, c) linearly extrapolatesgt@ment concentration from the highest
638 submerged OBS to zero at the free surface or dpthiy the concentration and velocity profiles
639 to some theoretical formulation and extend thosélps to the free surface, among many other
640 options. The depths in the swash zone during thdysarely exceeded 0.2 m and the velocity
641  profiles (Figure 7) become more uniform above tivedr 0.05 m of the water column so the
642  assumption of uniform velocity above the highestrsarged OBS is adopted. Sediment

643  concentrations above the highest submerged OB&stireated using a hybrid approach. The
644  concentration gradient is used for extrapolatiblowever, if the concentration at the free surface
645  would become negative or larger than the conceairai the highest submerged OBS it is

646 forced to 0 kg rii. The latter case could occur if, for example,dbrcentration was larger at

647  OBS 4 than at OBS 3 causing an increasing con¢emtraith elevation.

648  Extending the transport estimates to the free sarising any approach will enhance the
649 importance of suspended load transport, mostlyndurprush due to increased water depths. The

650 additional calculations described confirm this sagpon (Figure 13C,F,I). Increases in
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suspended sediment transport are most evidenggts A2 and A6 with the maximum sediment
transport rate increasing by up to ~110 % for A&s{Figure 13I). It is noted that the maximum
water depths during test A6 were nearly doublenta@imum water depths for the other two

cases and that is a primary factor in the largegban the sediment transport rate estimate.

7. Conclusion

A large-scale laboratory experiment was conducted ocoarse sand beach to determine the
relative importance of sheet flow compared to sndpd sediment transport. Despite challenges
in the spatial and temporal sampling, the obsesmatprovide strong evidence for the following

findings.

1) Sheet flow sediment flux profiles are generallg&rin maximum magnitude than the
corresponding suspended sediment flux profilesritgss of swash phase.

2) Depth integration of the flux profiles indicate tisaspended sediment transport dominates
during uprush whereas sheet load transport iswfasi magnitude during backwash for the 8 s
waves with a 1:8.7 slope and dominates during baskvwor the 12.2 s waves with a 1:6.5
slope.

3) The limited vertical range over which the sheetlltansport occurs relative to the
suspended load transport is a controlling factatatermining which transport mode
dominates.

4) Even for “highly” resolved data, spatial interpadat is required to fill in data gaps when
velocity profiles are noisy.

5) Temporal data gaps are a major limitation in qdiginty the importance of the transport

modes through an entire swash event where mudtedfackwash is artificially truncated due
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to lack of velocity measurements from an elevatgdenit meter. These data gaps must be
circumvented using remote sensing or other mingasensors in future swash zone

experiments.

6) Additional calculations were undertaken in domtfto account for the sediment transport that
was missing due to data gaps or due to estimatite @heet flow velocity profiles. The
general findings are not altered except that threslpdominance by suspended load increases
if sediment transport is extrapolated to the fiedage and sheet flow becomes more important
if the velocity profile extending into the sheeyda decays as a quadratic function rather than

linear.
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823  Figure 1. The initial planar beach profile and #hosllected following each monochromatic test

824  case. The vertical dotted line indicates the cebs®e location of the sensors used in this paper.
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Figure 2. A) Photo showing sensors used in thigpapwo Vectrino Il profiling velocimeters

(VECs; 1), two conductivity concentration profild(8CPs; not visible) below the VECs, two
Valeport electromagnetic current meters (EMCMspRg Druck pressure transducer (PT)

buried below the EMCMs, four Campbell Scientifidiopl backscatter sensors (OBS; 3). B)
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Photo of the CCP showing the measurement sectidmhanelectronics housing. C) Close-up
photo of the region denoted by the black box ifPAoto shows one of the CCPs deployed with

only the measuring section exposed to the flow.
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858  Figure 7. Example VEC data from test A2. A) Timeée®showing 3 swash events with colors
859 indicating velocities from different elevationsthre water column (magenta: ~0.002 m, blue:
860 ~0.022 m, red: ~0.032 m, cyan: ~0.052 m). CorredppgnEMCM velocities at ~0.06 (gray) and
861 ~0.09 m (black) are plotted behind VEC data. B)o¢#l profiles corresponding to the times
862 indicated by the vertical lines in A. Dashed liaesl open circles correspond to uprush while

863  solid lines and filled circles correspond to backtua
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Figure 8. Example sediment fluxes from test A2Wgter depth. B) Suspended sediment flux
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Figure 10. Ensemble average events for test ARdt¢fimn; 6 events), A4 (middle column; 8
events) and A6 (right column; 12 events). A,B,C¥@nded sediment flux. D,E,F) Sheet flow
sediment flux. Note the difference in color scaletést A6. G,H,l) Suspended (black) and sheet

load (grey) transport. J,K,lQ) 410 as described in Figure 9.
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Figure 11. A) Shear stress magnitude estimates énmsemble average velocity profiles. B)
sediment load transport estimate from eq. (9)rsgktequal to unity. C) Suspended load
sediment transport compared to the transport Istichate. D) Sheet load sediment transport
compared to the transport load estimate. For CCgrablid lines are least squares regression fits
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Figure 12. Schematic showing a typical water dépjHor the 12.2 s monochromatic swash
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velocity history for the thinning flow. Th@,a40 (C) with suspended load dominance (black)
during uprush and sheet flow dominance during baskw(gray). Dashed gray curve is the
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Figure 13. Sensitivity tests for sediment transpstimates. Tests A2, A4 and A6 are in rows 1
(A,B,C), 2 (D,E,F) and 3 (G,H,I) respectively. Guoin 1 (A,D,G) contains the original sediment
transport estimates using egs. (2-5). Column 2,{B,Eontains additional sheet flows sediment
transport estimates by altering the sheet flow aigl@rofile to have a quadratic rather than
linear profile. The suspended sediment transpamehanged from the original estimate.
Column 3 contains additional suspended sedimem$p@t estimates by extrapolating the
velocity and sediment concentration profiles toftiee surface. The sheet flow sediment
transport is unchanged from the original estim&@kack (grey) regions denote suspended (sheet
flow) sediment transport rates containing the m@arite solid or dashed curves) * 1 standard
deviation. The gray horizontal line represent®zadiment transport. Axis labels for (G) apply
to all axes.
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Table 1. Monochromatic wave cases used in thisystud

Case number H(m) T(s) hs(m)  h (m) Local

Foreshore
Slope
A2 (June 12, 2012) 0.74 8 3 4.3 1:8.9
A4 (June 14, 2012) 0.74 8 3 1.75 1:8.7
A6 (June 18, 2012) 0.74 12.2 3 3 1:6.5

*H is the wave heighT is the wave periodys is the sea leveh is the lagoon level.
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Table 2. Transport ratios and ranges for ensemidmge events*.

Case number Qratio (mean + Range 2§ - Qratio (mean + Rapge 25 —
st. dev) 75" pretile < ey 75" prctile

A2 (June 12, 2012) 2.3410.94  1.55-2.80 152+0.70  1.07-2.04
A4 (June 14, 2012) 1.73+0.86  1.24-1.79 6.97+14.12  1.12-1.45

A6 (June 18, 2012) 2.75+1.90 1.12-4.41 2.40+0.69 1.95-2.92

*Black (gray) text denotes suspended (sheet) |@anlinbnce.
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Table 3. Regression statistie$, K) for the simple sediment transport model.

Case number Uprush Uprush Backwash Backwash

qu5| Qshee qu5| Qshee

r* k r r k r k
A2 (June 12, 0.24 0.79 0.50 0.37 0.66 0.32 0.90 0.36
2012)
A4 (June 14, 0.53 0.76 0.88 1.33 0.72 0.31 0.84 0.28
2012)
A6 (June 18, 0.72 24.7 0.36 6.20 0.56 0.50 0.91 4.42

2012)
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