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Sediment transport dynamics in the swash zone under
large-scale laboratory conditions
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Abstract

A laboratory experiment was carried out to study sediment transport
dynamics occurring in the swash zone of a coarse-sandy beach builtin a
large-scale wave ume. Hydro- and morpho-dynamic as well as sediment
transport data were collected using sensors mounted on a sca�oldrig de-
ployed in the lower swash zone close to the moving bed. The high resolution
of near-bed data permitted quantitative evaluation of suspendedand sheet
ow contributions to the total sediment transport. Although sheet ow sed-
iment uxes were higher than suspended uxes, the vertically integrated
suspended sediment load overcame the sheet ow load during uprush and it
was on the same order of magnitude during backwash. The observed cumula-
tive sediment transportwasgenerally larger than the morphological changes
occurring shoreward of the rig location implyingeither an underestimation
of the o�shore sediment transport or an overestimation of the onshore uxes
obtained from concentration and velocity pro�le data. Low correlations were
found between net swash pro�le changes and runup parameters suggesting
that local hydrodynamic parameters provide little or no predictability of ac-
cretion and erosion of an upper beach which is near equilibrium. The balance
between erosion and deposition induced by individual swash events brought
a dynamic equilibrium with small di�erences between the pro�les measured
at the start and at the end of the run.
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1. Introduction

Incoming swell waves induce sediment transport uxes which are partic-
ularly intense in shallow waters eventually leading to morphological beach
changes. Under wave forcing, the shoreline position evolves as a consequence
of swash hydrodynamic processes which enable a sediment exchange between
the submerged and the emerged regions of the beach (Masselink and Hughes,
1998). The shallow, rapid, turbulent and aerated ows in the swashzone
bring large sediment concentrations within the water column leading to large
suspended sediment transport rates (Elfrink and Baldock, 2002;Masselink
and Puleo, 2006). In addition, near-bed sediment transport contributes to
the total swash zone sediment transport.

The intense near-bed sediment transport observed in the swash zone is
induced by advection from the surf zone and by large bed shear stresses re-
sulting in a attening of the bed which does not present the typical surf zone
bedforms (Bagnold, 1956; Nielsen, 1992). Whereas the mobilizing mechanism
of the suspended transport is ow turbulence, under sheet ow conditions in-
tergranular collisions become the primary agent for sediment suspension (Hsu
et al., 2004). Sheet ow is usually observed in the nearshore on the crest of
sandbars (Nielsen, 1992) and in the swash zone (Masselink and Puleo, 2006).
Horn and Mason (1994) showed that the large sediment rates whichcharac-
terize sheet ows play a signi�cant role in the overall swash zone sediment
transport budgets.

A large number of studies dealing with sediment transport in the swash
zone focused the attention on suspended load (Puleo et al., 2000; Masselink
et al., 2005; Caceres and Alsina, 2012). On the other hand, the improve-
ment in the understanding of sheet ow processes (inside and outside the
swash zone) has progressed slowly due to the scarcity of detailed measure-
ments which have been mainly provided by oscillatory ow tunnel experi-
ments (O'Donoghue and Wright, 2004; van der A et al., 2010). Recently,
Lanckriet et al. (2013) and Lanckriet et al. (2014) developed a newCCP
sensor to measure the vertical pro�le of sediment concentrationwithin the
sheet ow layer. Puleo et al. (2015) and Puleo et al. (2014) performed an
analysis of CCP data yielding important insights into sheet ow processes
with unprecedent detail. These studies highlighted the relative importance of
sheet ow sediment transport especially during backwash phase ofswash and
investigated the bed level changes induced by individual swash events. At
the same time they warned about the limitation associated with the temporal
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gaps in data collection which can potentially lead to an arti�cial truncation
of the backwash.

The objective of this work is to use the near-bed ow velocity and con-
centration measurements obtained through the large scale laboratory experi-
ments BARDEX II to investigate sediment transport processes and morpho-
logical changes in the swash zone. In particular, the individual contribution
of suspended and sheet ow sediment transport are highlighted and the rela-
tionship between hydrodynamics and pro�le changes are studied. The paper
is structured as follows. Section 2 describes the laboratory experiments and
the analysis technique used in this work. The results with relative discussion
are presented in section 3 and 4. Section 5 provides the main conclusions.

2. Methods

2.1. Laboratory Experiments
The BARDEX II experiment was carried out in the Delta ume, The

Netherlands, to study nearshore processes in the presence of asandy beach
backed by a lagoon (Masselink et al., 2015). The Delta ume is 200 m long,
5 m wide and 7 m high; waves are generated by hydraulically-driven piston-
type wave maker located at one end of the ume. A relatively coarsesandy
beach (median grain diameter of 0.43 mm) 4.5 m high backed by a lagoon
was built in the ume. The beach slope before the wave action was 1:15
and the still water depth at the wave maker position was set to 3 m. A
permeable wall separated the sandy barrier from the lagoon. The coordinate
system was established with the horizontal axisx increasing onshore and
the vertical z axis increasing upward. Swash hydrodynamics and sediment
concentrations were collected by sensors mounted on a sca�old rigdeployed
in the swash zone.Di�erent runs were performed with signi�cant wave height
ranging between 0.4 and 1 m and and peak period ranging between 4 and 12
s. This paper presents data from the 1-hour-long irregular-wave run A2 05
characterized by a signi�cant wave heightHs of 0.8 m and peak periodTp of 8
s. A minimal change of the beach pro�le and the total amount of sediment in
the swash zone (0.005 m3/m) was observed during the run. Taking advantage
of the fact that sheet ow probes are not rapidly buried or exposed during
the run A2 05, it has been speci�cally chosen as representative of a dynamic
equilibrium con�guration in which the beach does not experience signi�cant
erosion or deposition over a long time scale.The wave action steepened
the beach face in the previous runs yielding a beach slope of 0.09 which

4



showed little variability during run A2 05. The measurements analysed in
this paper derive from the central swash rig where sensors were submerged
for a relatively high portion of time and the sensor con�guration allowed a
high vertical resolution across the water column.

The horizontal components (u,v) of ow velocity within the water col-
umn were measured by 2 Valeport EletroMagnetic Current Meters (EMCM)
separated by 0.03 m in the vertical direction and deployed approximately
0.05 and 0.08 m from the bottom. The 3 components (u,v,w) of the near-
bed velocity pro�le with a vertical resolution of 0.001 m up to 0.03 m above
the sandy bottom were collected using a Nortek Acoustic Doppler Velocity
Pro�ler (ADVP). A Bed Level Sensor (BLS) array recorded the uctuations
of the water free surface and the exposed bed in the swash zone with a hor-
izontal spatial resolution of approximately 0.7 m. EMCM, ADVP and BLS
data were recorded at 6, 100 and 4 Hz, respectively.
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Figure 1: Beach pro�le and instrumentation. a) beach pro�le. The dashed line represents
the still water level. The arrow indicates the swash rig location. b) and c) Volume sampling
locations. Crosses: ADVP; squares: EMCM; diamonds: CCP; circles: OBS. In b) the solid
line represents the beach pro�le. In c) the solid and dashed lines indicate the side and the
center of the ume, respectively.
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Two di�erent types of sensors collected suspended and sheet owsediment
concentrations. Suspended sediment concentrations (SSC) were measured by
4 Campbell Scienti�c Optical Backscatter Sensors (OBS) separated by 0.02
m in the vertical direction. OBS were deployed approximately from 0.04
to 0.1 m above the sandy bottom covering the same vertical range as the
EMCM. Concentrations were sampled by OBS at 16 Hz.Near-bed sediment
concentration pro�les were measured by 3 partially-overlapping Conductiv-
ity Concentration Pro�lers (CCP) designed at the University of Delaware
(Lanckriet et al., 2013, 2014). Each CCP provided a spatial resolution of
0.001 m over a range of 0.029 m. The upper sensor was buried with onlya
small sampling portion exposed to the ow with the aim to cover the active
sheet layer and detect the bed location.CCPs were sampled at 8 Hz. Figure
1 shows the beach pro�le with the location of the swash rig and the instru-
mentation. A picture of the sensors mounted on the swash rig is displayed
in �gure 2.

2.2. Data analysis
The nature of swash dynamics represents a challenge for an accurate

collection of hydro and morphological experimental observations (Hughes
et al., 1997). Swash ows are intermittent by de�nition; moreover,gaps in
time series measurements exist due to instrument limitations (Puleo et al.,
2014). Noise in EMCM data is likely to occur when the transducers arehit
by the incoming bore. ADVP data present the same issue and they have an
additional drawback represented by turbulent bubbly ows. Here, EMCM,
ADVP, CCP and OBS time series data were retained only during the portions
of time in which the control volume of the relevant sensor was submerged.
EMCM, CCP and OBS time series required no additional treatment but
ADVP measurements needed additional �ltering to remove ow datawhen
at least one of the two following circumstances occurred (Aagard and Hughes,
2006; Puleo et al., 2012): 1) the instantaneous (averaged over the four beams)
Correlation (Corr) values were less than 65%; 2) the instantaneous (averaged
over the four beams) Signal-to-Noise-Ratio (SNR) values droppedbelow 20.
These criteria have been chosen to remove unreliable data associated with air-
entrainment, bubbles and large sediment concentrations. Finally, additional
noise and spurious data points were eliminated from the ADVP velocitytime
series by using the despiking method proposed by Mori et al. (2007).

In addition to temporal gaps due to instrument recording limitations, spa-
tial measurement gaps are likely to occur due to the di�culty in obtaining
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Figure 2: Picture of the relevant instrumentation on the swash sca�old rig. The arrows
indicate the sensors used in this work: ADVP, EMCM and OBS. The CCPare buried and
are not visible here.
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a complete instrument coverage of thevertical pro�le . The following inter-
polation procedures were applied in order to extend velocity measurements
across the ow �eld. Velocities from the EMCM and ADVP were linearly
interpolated through the water column.For the time instants in which a gap
exists between the lowest ow data measured either by EMCM or ADVP
and the top of the sheet ow layer, the velocity pro�les in this regionwere
reconstructed by assuming a logarithmic shape extending betweenthe lowest
velocity measurement and the zero-velocity bottom of the sheet ow layer.
A linear velocity pro�le was assumed to extend from the top of the sheet
ow layer, where the velocity can be either measured by ADVP or recon-
structed using the logarithmic pro�le, to the bed level, where a zerovelocity
is considered. A similar procedure was adopted for the concentration data
that were linearly interpolated over the region covered by the OBS measure-
ments. No extrapolation was carried out in the region above the highest
OBS location which inevitably leads to the exclusion of the upper watercol-
umn region from the present analysis. Anexponential pro�le according to
the Rouse curve was used to �ll the gap between the lowest OBS andthe
location of the top of the sheet ow layer detected by the CCP. As aresult,
CCP data above the sheet ow layer were replaced by the theoretical curve
and therefore not considered, mainly due to the di�culties of CCP in the
detection of relatively small concentrations (< 0.08 m3/m 3) within the water
column. Alternatively to the Rouse pro�le, this spatial gap could have been
�lled by imposing a constant concentration pro�le equal to the concentration
measured by the lowest OBS. The adoption of such procedure in thiswork
leads to slightly smaller suspended sediment uxes in the proximity of the
top of the sheet ow layer but does not alter signi�cantly the loads.Figure 3
shows the velocity and concentration measurements recorded ata determined
instant and their respective interpolated values.

Similar to previous sheet ow sediment transport studies (O'Donoghue
and Wright, 2004; Puleo et al., 2014), we identi�ed the location of thetop
of the sheet ow layer as the elevation where the CCP recorded a sediment
concentrationc equal to 0.08 m3/m 3 (Bagnold, 1956). The boundary between
the sheet ow layer and the non-moving sediment bed was determined as the
location where the concentration measured by CCP was 0.51 m3/m 3 which
represents the loose packing limit for natural beach sand. The CCPdata
showed a sharp shoulder transition in the sediment concentration pro�les
between the lower sheet ow layer and the non-moving sediment, consistent
with the experiments of O'Donoghue and Wright (2004), Dohmen-Janssen
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and Hanes (2005) and Lanckriet et al. (2014). In order to obtain more
reliable detections of the sheet ow layer boundaries, we used the curve-
�tting method to de�ne the bottom of the sheet ow layer by extending the
the linear portion of the sheet ow concentration pro�le (Pugh andWilson,
1999; O'Donoghue and Wright, 2004; Lanckriet et al., 2014). The time-
varying sheet ow thickness was de�ned as the vertical distance between the
top and the bottom of the sheet ow layer.
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Figure 3: Spatial interpolation of velocity and concentration measurements. a) Time series
of free surface; the vertical dotted lines indicate the time instants considered in the other
panels. Velocity measurements (symbols) and interpolation (solid line) for uprush (b) and
backwash (d). Sediment concentration measurements (symbols)and interpolation (solid
line) for uprush (c) and backwash (e). Horizontal dashed lines represent the top and
bottom of the sheet ow layer.

9



3. Results

3.1. Hydrodynamics and bed uctuations

Spectral analysis of the swash zone is traditionally considered a di�cult
task due to the intermittent nature of swash processes (Elfrink and Baldock,
2002). Puleo et al. (2014) have overcome the lack of continuous time series by
applying linear interpolation in order to �ll the temporal gaps in the velocity
measurements. In this work, we perform spectral analysis on thebed level
elevation detected by the CCP and water depth elevation detectedby the
BLS at the swash rig location. The time series of the bed level elevation
is continuous and does not require any assumption or treatment. On the
other hand, since the BLS measured either the free surface elevation during
submergence and the bed level during emergence, temporal gapsin the water
depth are �lled by assuming that the water level coincides with the bed level
elevation when the backwash has already cleared the beach and thebed is
exposed.

Example of time series of bed level elevation and water depth at the
swash rig position (x =89.6 m) with the relative energy spectra are shown
in �gure 4. The spectral estimates of thewater depth are obtained from
Fourier transforms of 1024 s long segments with 50 % overlap smoothed by
merging 3 frequency bands leading to a �nal frequency resolution of 0.003
Hz; the number of degrees of freedom is 18 and the 95 % con�denceintervals
are plotted in the �gure. The water depth spectrum presents a secondary
peak close to the location of the incoming frequency peak indicated by a
vertical dotted line (the peak in the spectrum is at 0.12 Hz whereas the
incoming wave peak frequency is 0.125 Hz); however, the dominant peak
is located at 0.034 Hz in the infragravity band (f < 0.5f p) which brings a
signi�cant contribution (55 %) to the total variance. On the other hand, the
bed level elevation spectrum is strongly dominated by low-frequency motion
(95 % of the total variance in the infragravity band) characterized by large
uctuation with periods larger than 256 s. The bed level spectrum shows
a slope proportional to f � 2 extending over the high-frequency band from
the peak frequency of the incoming wave �eld, whereas the depth spectrum
presents a slightly steep spectral roll o� on the order off � 3.

Figure 5 shows the squared coherence and phase between the free surface
elevation and the bed level uctuations determined by cross-spectral analysis.
The cross-spectral estimates are obtained by using the same parameters used
for the spectral estimates. Squared coherence is considered signi�cant for
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