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Abstract
In this paper, new large-scale experimental data are presented showing the beach profile evolution, sediment
transport and intra-swash hydrodynamics of two different beach slopes (1:15 and 1:25). In these experiments
an erosive bichromatic wave series with groups of 4 waves (equivalent to random time series with Hs=0.65 m
and Tp=3.5s) were produced in consecutive runs with each wave group repeating every two group periods
(TR=2Tg=28.6s) in order to produce distinct types of swash interactions. Results show that the swash at the
1:15 slope developed a concave morphology with offshore directed transport, as typically seen for erosive
conditions. Conversely, the swash at the 1:25 slope developed a beach step with overall onshore-directed
transport typical of an accretive beach, even though the surf zone showed characteristics of an erosive
regime. The differences in the developing morphologies are associated with the differences in wave-swash
interactions observed at the different slopes. Following the observed intra-swash hydrodynamics, we
hypothesize that the stronger bores on the steeper slope result in shorter swash periods, leading to variations
of the swash interactions’ cross-shore location and to offshore-directed transport in the lower and middle
swash. On the gentle slope, the backwash vortexes that generate the beach step stir up the sediment that is
transported and deposited onshore by the following longer up-rushes. Further analysis of intra-swash
sediment concentrations, both suspended and in the sheet flow layer, and hydrodynamics will be done to
investigate the slope effect on the sediment transport processes.
Keywords: Swash-zone; Sediment transport; Morphology; Wave-swash interactions; Large-scale laboratory
experiments

1. INTRODUCTION
The swash zone is the highly dynamic region between the beach and the surf zone. Swash processes
determine whether sediment is either stored on the upper beach or is transported offshore, and thus they
strongly affect shoreline evolution. Thus, a better understanding of the swash zone hydrodynamics and
sediment transport is crucial to coastal management.
An individual swash event consists of an uprush when the incident bore runs up the beach and a
backwash when the water runs down towards the sea. The evolution of hydrodynamic properties (i.e., water
depths, flow velocities, turbulence, bed sheer stress) in the swash zone is complex and highly variable
throughout the swash event (Chardón-Maldonado et al., 2016). Wave-swash interactions occur when the
incident bore interacts with the preceding swash event (either run-up or backwash). The three main types of
wave-swash interactions (strong wave-backwash, weak wave-backwash and wave capture) produce high
levels of turbulence that increase the sediment stirring and mobility (Cáceres and Alsina, 2012). Cáceres and
Alsina (2012) have found that strong wave-backwash interactions and strong backwash events tend to result
in erosion events, while wave capture events and weak wave-backwash interactions tend to induce accretion.
Despite evidence of the influence of the beach slope on sediment transport in the surf and swash zone,
only a limited number of studies have investigated this (Alsina et al., 2012; Hughes and Moseley, 2007;
Masselink et al., 2009; Masselink and Russell, 2006; Miles et al., 2006). Studies have demonstrated that on
steeper slope beaches, the sediment transport is dominated by incident waves with higher numbers of
uprushes and backwashes resulting in higher suspended sediment concentrations. Conversely, on gentle
slope beaches the sediment transport in the swash is infragravity-dominated, with lower suspended sediment
concentrations (Miles et al., 2006). Furthermore, Alsina et al. (2012) showed that the number of wave-swash
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interactions is slope-dependent, as well as the magnitude and frequency of large backwashes. A gentler
sloping beach with a more dissipative swash produces an increase in wave-swash interactions, but a
reduction in the magnitude and frequency of large backwashes, leading to a reduction of offshore suspended
sediment transport.
Previous experimental studies on sediment transport in the swash zone either focused on detailed sand
transport processes at a few cross-shore locations, or on a bulk statistics of net transport rates in relation to a
few wave conditions and to a single initial bed slope (often 1:15 slope for large-scale laboratory experiments)
(Baldock et al., 2011; Cáceres and Alsina, 2012; Masselink et al., 2016; van der Zanden et al., 2019).
Laboratory experiments with a high temporal and spatial resolution of measurements of swash hydrodynamics
and morphodynamics for a wide range of beach conditions (both wave conditions and beach slopes) are
needed to enable better quantification and understanding of sediment fluxes near the shoreline.
The present research focusses on understanding the effect of beach slope on intra-swash hydrodynamics
and swash-zone sediment transport processes through a series of large-scale wave flume experiments.
These effects will be investigated through experiments with a “standard”, relatively steep bed slope of 1:15
and a gentler 1:25 bed slope with identical sediment size and both exposed to an identical series of
bichromatic wave conditions.
This paper describes the experimental set-up, data processing and data analysis in Section 2. Resulting
morphology, sediment transport and intra-swash hydrodynamics are presented in Section 3. The discussion
and outlook of the present study follow in Section 4.
2. EXPERIMENTS
2.1. Experimental set-up and test conditions
Laboratory experiments were conducted in the large-scale CIEM wave flume at the Universitat Politécnica
de Catalunya (Barcelona, Spain). Two sets of experiments were conducted with different initial beach slopes
at a still water depth ݄ of 2.47 m (Error! Reference source not found.). One set started with an initial 1:15
slope, similar to previous experiments in this flume (Alsina et al., 2016; Cáceres and Alsina, 2012; Eichentopf
et al., 2019). The second set of experiments started with an initial 1:25 slope. The 1:25 slope had a steeper
1:10 slope beach face offshore of the maximum depth of closure to be able to fit the gentle beach slope in the
flume. Both beach profiles consisted of well-sorted medium sand with grain diameters d50 = 0.25 mm (d10 =
0.15 mm and d90 = 0.37 mm) and a measured mean settling velocity ݓ௦ = 0.034 m/s.
After preparing the bed profile, 15 min of irregular waves with significant wave height ܪ௦ =0.42 m and peak
period ܶ =4.0 s were produced in order to compact the bed. After this, eight 30-min consecutive hydrodynamic
runs were generated using an erosive bichromatic wave time series for a total experimental duration of 240
min. The erosive bichromatic wave consisted of groups of 4 waves with each wave group repeating every two
group periods (ܶோ =2ܶ =28.6s) in order to produce distinct types of swash interactions. The bichromatic waves
had frequencies ݂ଵ =0.32 Hz and ݂ଶ =0.25 Hz and wave heights ܪଵ =ܪଶ =0.32 m, corresponding to a fully
ଵ
ଶ
modulated wave group period ܶ ൌ
= 14.3 s and a mean short wave period ܶ ൌ
= 3.5 s. The same
భ ିమ

భ ାమ

sequence was reproduced for two different bed slopes of 1:15 and 1:25.
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Figure 1. Experimental set-up for (a) 1:15 slope and (b) 1:25 slope.
2.2. Instrumentation and data processing
The flume was equipped with a series of instruments which continuously measured water level, bed level,
suspended sediment concentrations and flow velocities, with major focus on the swash zone. The water
surface elevation was measured by a total of 13 resistive wave gauges (RWG), 26 acoustic wave gauges
(AWG) and 14 pressure sensors (PPT) deployed along the full extension of the flume, from the deeper part to
the high end of the beach (Figure 1). All water level measurements were obtained at a sampling frequency of
40 Hz. All wave gauge and pressure measurements were vertically referenced with respect to the still water
level. In the swash zone, the AWGs measured the water surface elevation when the bed was submerged, and
the bed level when it was exposed. The measurement accuracy of the RWGs and PPTs placed seaward of
the shoreline is estimated to be about 1 mm. Three variants of AWG were deployed in the with long, medium
and short vertical ranges of 2.3, 1.3 and 0.3 m, respectively. The long range AWGs (with 1 mm accuracy
according to the manufacturer) were deployed in the deeper part of the profile and shoaling region up to  = ݔ-7
m (Figure 1), the medium range AWGs were deployed in the surf and swash zones between  = ݔ-7 and  = ݔ3
m, while the short range AWGs (with 0.025 mm accuracy ) were deployed in the upper swash from  = ݔ3 m
up to the end of the beach profile. The AWG measurements were de-spiked and a low-pass filter with a cut-off
frequency of 8 Hz was applied to eliminate spurious electronic noise contributions (van der Zanden et al.,
2019). The water level was retrieved from the pressure measurements by applying the non-linear, weakly
dispersive approach by Bonneton (2018) using a low-pass filter with a cut-off frequency of 4.5/ܶ Hz.
The three-component flow velocity was measured at a sampling frequency of 100 Hz using acoustic
Doppler velocimeters (ADV’s) at 5 and 6 locations in the inner-surf/swash zone. Prior to each experimental
run, all ADV’s were vertically repositioned to 0.02 m above the local bed level. The cross-shore velocity  ݑis
defined positively landward. The noise signal produced by turbulence and instrument exposure in the swash
was removed using a cut-off signal-to-noise-ratio SNR < 20, correlation <70% (Aagaard and Hughes, 2006).
The collected signal in the upper swash resulted in a highly noisy signal during uprushes due to the high
turbulence and incomplete backwashes due to instrument emergence. Therefore, data from sensors in these
location were discarded. The swash zones were classified following the submersion ratio (Aagaard and
Hughes, 2006): the inner swash zone corresponds to an instrument immersion of 75-95% of the time, the mid
swash to 40-75% immersion and the upper swash to 1-40% immersion. The run-down (RD) and run-up (RU)
and well as the maximum backwash limits were defined by visual observations and confirmed by AWG and
ADV data.
Bed level measurements were obtained by a mechanical profiler in between runs in still water conditions.
The profiler measurements were done along the centerline of the flume, measuring the emerged and
submerged bed with a spatial resolution of ο = ݔ0.02 m and a vertical accuracy of 0.01 m.
The time-averaged sand transport rate ݍ௦ ሺݔሻ in the active profile is obtained by the rate of change of bed
elevation ߂ ݖover the corresponding time interval ߂ ݐusing the mass balance equation (Baldock et al., 2011):
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where ߩ is the porosity of the sediment which equals 0.36. Based on the assumption that no sediment
transport occurs past the active profile, equation (1) is applied to the profile between the depth of closure ݔ
and the run-up limit ݔ௫ . Following the correction methodology by Baldock et al. (2017), the remaining
closure error was added uniformly along the profile. Negative and positive values of ݍ௦ represent offshore- and
onshore-directed sediment transport rates, respectively.
3. RESULTS
3.1. Morphology and sediment transport
The beach profile evolution and the cross-shore distribution of ݍ௦ for the initial slopes of 1:15 and 1:25 is
shown in Figure 2. Both slopes generated a double barred system at its quasi-equilibrium state, characterized
by a well developed and stable main bar located offshore. For both slopes, a peak of offshore-directed
transport is located close to the wave breaking location, corresponding to the main bar formation and offshore
migration.
The 1:15 beach profile developed a well-defined secondary bar followed by a concave inner-surf/swash
zone (Fig.2a). This shape results from the inner-surf and outer-swash erosion with steepening of the upper
beach face caused by the combination of onshore-directed transport in the upper swash region and the
offshore-directed transport in the lower swash (Fig.2c). This erosion ultimately resulted in shoreline retreat.
The upper swash zone experienced onshore-directed transport consistent with the berm formation. This
profile shape agrees with previous experiments in similar experimental settings with a 1:15 beach slope
(Alsina et al., 2016; van der Zanden et al., 2019).
On the contrary, the quasi-equilibrium profile of the 1:25 slope is characterized by a wide trough with
superimposed ripples, ending in a small secondary bar followed by a step at the limit between the inner-surf
and swash zone (Fig.2b). The lower swash maintains its original gentle slope with an almost stationary
shoreline and a wide berm develops within the middle and upper swash. The entire swash zone is
characterized by onshore-directed sediment transport, consistent with the berm development (Fig.2d) and of
higher magnitudes than seen in the upper swash of the 1:15 slope. The presence of a step in the innersurf/swash zone region followed by planar foreshore is a common morphological feature often seen in natural
beaches (Bauer and Allen, 1995; Masselink and Puleo, 2006).
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Figure 2. Profile evolution and sediment transport for (a,c) 1:15 slope and (b,d) 1:25 slope exposed to the
same bichromatic wave condition (see text). The run-down (RD) and run-up (RD), as well as the lower (LS),
middle (MS) and upper swash (US) limits are represented in dashed-dot lines and the maximum backwash
(MB) is represented by the solid line.
3.2. Intra-swash hydrodynamics and swash events
The swash events within the two repeating wave groups on both slopes are illustrated in Figure 3. The
boundary between the swash zone and the inner surf zone was established from visual observations of the
minimum run-down location and was established at  = ݔ-0.1 m and  = ݔ-1.9 m for the 1:15 and 1:25 slope,
respectively. However, maximum backwash flows were still visually observed and detected by the ADV’s to up
to  = ݔ-3.7 m for the 1:15 slope and  = ݔ-4.4 m for the 1:25 slope. The maximum run-up at each slope was
visually observed to reach  = ݔ7.6 m and  = ݔ7.5 m for the 1:15 and 1:25 slope, respectively. Thus, the total
swash excursion from run-down to run-up is 7.7 m for 1:15 and 9.4 m for the 1:25 slope. The swash zone for
the 1:15 slope is shorter in length, with a shorter swash excursion on a steeper beach front that limits the
consequent sediment transport to a narrower horizontal region (Figure 2 and 3). While on the 1:25 slope, the
swash zone is wider with longer swash excursions that lead to a wider region of sediment transport controlled
by swash motions. Furthermore, the swash zone at the 1:15 slope is deeper than the swash zone at the 1:25
slope.
Wave-swash interactions were identified by interpreting the combining intra-swash velocity directions and
magnitude, water levels and visual observations. The three wave-swash interactions (wave capture, weak
wave-backwash and strong wave-backwash interactions (Cáceres and Alsina, 2012)) were identified at both
slopes, but they did not occur at the same cross-shore location with respect to the shoreline.
On the 1:15 slope, the first wave group starts with weak-backwash interactions at the lower swash (from
ݐȀܶ = 0.1 to 0.5) with stronger incoming bores cutting off the backwashes prevailing onshore-directed
velocities. The first wave group ends with strong wave-backwash interactions (ݐȀܶ = 0.5 to 1.1) with stronger
backwashes with offshore-directed velocities that retard the incoming bores and prevailing offshore-directed
velocities. The strong wave-backwash interaction at ݐȀܶ ൎ1 to 1.2 resulted in the maximum run-down to  = ݔ0.1 m, leading to the arrest of the incoming bore. Previous studies have described the arrest of the incoming
bore by the stronger backwash as similar to a hydraulic jump (Cáceres and Alsina, 2012; Hughes and
Moseley, 2007). This event is quickly followed by a wave capture at  ݔൎ -2.5 to -1 m (ݐȀܶ  = 1.1 to 1.3) where
an incoming bore overtakes the smaller preceding wave and advances through the emerged swash. This
wave capture event accelerates the up-rush, leading to the highest onshore-directed velocities in the lower
swash and results in the largest run-up at ݐȀܶ  = 1.5. From that moment, the group is dominated by strong
wave-backwash events (ݐȀܶ  = 1.5 to 2) continuously cutting off and slowing down the incoming up-rush.
On the 1:25 slope, the two wave groups are delimited by strong-backwash events at ݐȀܶ ൎ 0.1 and
ݐȀܶ  ൎ 1.2, characterized by offshore-directed velocities from the middle swash to the inner surf that lead to
the arrest of the incoming bore and a maximum run-down at approximately  = ݔ-1.9 m. The location of the
reach of backwash flows and the capture of the incoming bores are coincident with the beach step location at
 ݔൎ -2.5 m. As opposed to the 1:15 slope, the first wave group starts with a long up-rush producing high
onshore-directed velocities in the lower and middle swash (ݐȀܶ  = 0.2 to 0.4). This event is followed by a
stronger incoming bore that overcomes the offshore-directed flow of the preceding backwash, resulting in a
weak wave-backwash interaction (ݐȀܶ  = 0.4 to 0.5). The second wave group, similar to the 1:15 slope, starts
with a wave capture with an stronger incoming bore overtaking a preceding smaller bore at  ݔൎ -3 m (ݐȀܶ  = 1
to 1.5). This, again, resulted in the acceleration of the up-rush in the lower and middle swash, resulting in the
largest swash excursion.

©2022 IAHR. Used with permission / ISSN-L 2521-7119

5597

Proceedings of the 39th IAHR World Congress
19–24 June 2022, Granada, Spain

Figure 3. Water depths (contours) and cross-shore velocities (vectors) in the swash zone for (a) 1:15 slope
and (b) 1:25 slope. The dash-dotted lines in red represent the limits between the upper swash, mid swash,
lower swash and inner surf. The solid black line represents the shoreline location.
4. DISCUSSION AND OUTLOOK
The experimental data and analysis presented in this paper show a clear influence of the initial beach
slope on the morphological evolution and hydrodynamics of the swash. One of the main differences observed
in the morphological evolution between the two slopes is the presence of a step on the 1:25 slope as opposed
to the concave swash morphology of the 1:15 slope. While the concave shape as been seen in previous
experimental studies as a result of erosive conditions (Alsina et al., 2016; van der Zanden et al., 2019), a
beach step was not previously observed with the same experimental settings. Beach steps have been studied
in laboratory experiments addressing steep beach slopes and mixed to coarse bed materials (Larson and
Sunamura, 1993). However, in nature, steps have also been observed in gentle slopping and fine sand
beaches associated with sediment being accreted onto the beach face (Bauer and Allen, 1995; Short, 1979;
Sunamura, 1989). On the 1:25 slope, while the development and offshore migration of a main bar is the
typical morphological response of erosive conditions (Eichentopf et al., 2018; Hoefel and Elgar, 2003), the
swash zone displays accretive behaviour resulting in the arrest of the shoreline, berm growth and associated
positive onshore-directed sediment transport (Fig.2b,d). According to the proposed conceptual model for step
formation, steps can be generated by wave-swash interactions, with backwash vortexes over the step crest
and onshore flow at the base of the foreshore (Bauer and Allen, 1995; Kemp, 1960). Accordingly, the
hydrodynamic observations indicate a continuous repetition of a strong wave-backwash interaction that results
in backwash flows and maximum run-down at the approximate location of the step (Fig.3b). This suggests that
the step that developed on the 1:25 slope was generated and maintained by these swash events. It is
hypothesised that during these swash events, the backwash vortexes stir the sediment that is picked up and
transported onshore by the following incoming bore.
The differences in initial bed slope were found to influence the bore energy and the swash period (Figure
3), resulting in differences in the strength, frequency and location of wave-swash interactions. The main bar
develops closer to the shoreline on the 1:15 slope (Fig.2a) and indicates a localized wave breaking. On the
1:25 slope, the main bar is generated further offshore and the presence of ripples along the trough indicates
energy dissipation over a wider area. Preliminary results from wave dissipation along the flume shows that
bores arriving at the swash on the 1:15 slope are relatively more energetic than the ones arriving at the swash
on the 1:25 slope. Thus, the energetic bores have greater potential to stir sediment and increase sediment
concentrations in the swash (Butt et al., 2004). Furthermore, the steeper beach slope induced swashes with
smaller periods than the more gentle slope (Figure 3). On the gentle slope the long swash periods result in
swash events with longer up-rushes and backwashes, ultimately resulting in onshore-directed transport (as
previously discussed). On the steeper slope the shorter swash events induce interactions at different crossshore locations with respect to the shoreline (Fig.3a) with strong backwashes that result in the erosion of the
lower and middle swash and an overall offshore-directed transport in the swash zone (Fig.2a,c).
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Further analysis of intra-swash hydrodynamics and sediment concentrations, both suspended and in
sheet flow layer, will be undertaken to investigate the slope effect on the seen wave-swash interactions in
sediment transport.
5. ACKNOWLEDGEMENTS
The experiments described in this work were part of the Shaping the Beach project (2018-2023) funded
by NWO-TTW research project (no. 16130), with in-kind support by Deltares. We thank the CIEMLAB staff
Joaquim Sospedra, Oscar Galeo and Ricardo Torres for their contributions to the experiments. The data
supporting the results in this study will be available upon reasonable request after completion of the Shaping
the Beach project.
6. REFERENCES
Aagaard, T., Hughes, M.G., 2006. Sediment suspension and turbulence in the swash zone of dissipative
beaches. Mar. Geol. 228, 117–135. https://doi.org/10.1016/j.margeo.2006.01.003
Alsina, J.M., Cáceres, I., Brocchini, M., Baldock, T.E., 2012. An experimental study on sediment transport and
bed evolution under different swash zone morphological conditions. Coast. Eng. 68, 31–43.
https://doi.org/10.1016/j.coastaleng.2012.04.008
Alsina, J.M., Padilla, E.M., Cáceres, I., 2016. Sediment transport and beach profile evolution induced by bichromatic wave groups with different group periods. Coast. Eng. 114, 325–340.
https://doi.org/10.1016/j.coastaleng.2016.04.020
Baldock, T.E., Alsina, J.A., Caceres, I., Vicinanza, D., Contestabile, P., Power, H., Sanchez-Arcilla, A., 2011.
Large-scale experiments on beach profile evolution and surf and swash zone sediment transport
induced by long waves, wave groups and random waves. Coast. Eng. 58, 214–227.
https://doi.org/10.1016/j.coastaleng.2010.10.006
Baldock, T.E., Birrien, F., Atkinson, A., Shimamoto, T., Wu, S., Callaghan, D.P., Nielsen, P., 2017.
Morphological hysteresis in the evolution of beach profiles under sequences of wave climates - Part 1;
observations. Coast. Eng. 128, 92–105. https://doi.org/10.1016/j.coastaleng.2017.08.005
Bauer, B.O., Allen, J.R., 1995. Beach steps: an evolutionary perspective. Mar. Geol. 123, 143–166.
https://doi.org/10.1016/0025-3227(95)00011-M
Bonneton, P., Lannes, D., Martins, K., Michallet, H., 2018. A nonlinear weakly dispersive method for
recovering the elevation of irrotational surface waves from pressure measurements. Coast. Eng. 138, 1–
8. https://doi.org/10.1016/j.coastaleng.2018.04.005
Butt, T., Russell, P., Puleo, J., Miles, J., Masselink, G., 2004. The influence of bore turbulence on sediment
transport in the swash and inner surf zones. Cont. Shelf Res. 24, 757–771.
https://doi.org/10.1016/j.csr.2004.02.002
Cáceres, I., Alsina, J.M., 2012. A detailed, event-by-event analysis of suspended sediment concentration in
the swash zone. Cont. Shelf Res. 41, 61–76. https://doi.org/10.1016/j.csr.2012.04.004
Chardón-Maldonado, P., Pintado-Patiño, J.C., Puleo, J.A., 2016. Advances in swash-zone research: Smallscale hydrodynamic and sediment transport processes. Coast. Eng. 115, 8–25.
https://doi.org/10.1016/j.coastaleng.2015.10.008
Eichentopf, S., Baldock, T.E., Cáceres, I., Hurther, D., Karunarathna, H., Postacchini, M., Ranieri, N., Zanden,
J. Van Der, Alsina, J.M., 2019. Influence of storm sequencing and beach REcovery on SedIment
TranSporT and beach resilience (RESIST), in: Proceedings of the HYDRALAB+ Joint User Meeting. pp.
1–9.
Eichentopf, S., Cáceres, I., Alsina, J.M., 2018. Breaker bar morphodynamics under erosive and accretive
wave conditions in large-scale experiments. Coast. Eng. 138, 36–48.
https://doi.org/10.1016/j.coastaleng.2018.04.010
Hoefel, F., Elgar, S., 2003. Wave-Induced Sediment Transport and Sandbar Migration. Science (80-. ). 299,
1885–1887. https://doi.org/10.1126/science.1081448
Hughes, M.G., Moseley, A.S., 2007. Hydrokinematic regions within the swash zone. Cont. Shelf Res. 27,
2000–2013. https://doi.org/10.1016/j.csr.2007.04.005
Kemp, P.H., 1960. the Relationship Between Wave Action and Beach Profile Characteristics. Coast. Eng.
Proc. 1, 262–276. https://doi.org/10.9753/icce.v7.14
Larson, M., Sunamura, T., 1993. Laboratory experiment on flow characteristics at a beach step. J. Sediment.
Res. 63, 495–500. https://doi.org/10.1306/D4267B36-2B26-11D7-8648000102C1865D
Masselink, G., Puleo, J.A., 2006. Swash-zone morphodynamics. Cont. Shelf Res. 26, 661–680.
https://doi.org/10.1016/j.csr.2006.01.015
Masselink, G., Ruju, A., Conley, D., Turner, I., Ruessink, G., Matias, A., Thompson, C., Castelle, B., Puleo, J.,
Citerone, V., Wolters, G., 2016. Large-scale Barrier Dynamics Experiment II (BARDEX II): Experimental

©2022 IAHR. Used with permission / ISSN-L 2521-7119

5599

Proceedings of the 39th IAHR World Congress
19–24 June 2022, Granada, Spain

design, instrumentation, test program, and data set. Coast. Eng. 113, 3–18.
https://doi.org/10.1016/j.coastaleng.2015.07.009
Masselink, G., Russell, P., 2006. Flow velocities, sediment transport and morphological change in the swash
zone of two contrasting beaches. Mar. Geol. 227, 227–240.
https://doi.org/10.1016/j.margeo.2005.11.005
Masselink, G., Russell, P., Turner, I., Blenkinsopp, C., 2009. Net sediment transport and morphological
change in the swash zone of a high-energy sandy beach from swash event to tidal cycle time scales.
Mar. Geol. 267, 18–35. https://doi.org/10.1016/j.margeo.2009.09.003
Miles, J., Butt, T., Russell, P., 2006. Swash zone sediment dynamics: A comparison of a dissipative and an
intermediate beach. Mar. Geol. 231, 181–200. https://doi.org/10.1016/j.margeo.2006.06.002
Short, A.D., 1979. Three-dimensional beach-stage model. J. Geol. 87, 553–571.
Sunamura, T., 1989. Chapter 6 Sandy Beach Geomorphology Elucidated by Laboratory Modeling, in: Lakhan,
V.C., Trenhaile, A.S.B.T.-E.O.S. (Eds.), Applications in Coastal Modeling. Elsevier, pp. 159–213.
https://doi.org/https://doi.org/10.1016/S0422-9894(08)70126-0
van der Zanden, J., Cáceres, I., Eichentopf, S., Ribberink, J.S., van der Werf, J.J., Alsina, J.M., 2019. Sand
transport processes and bed level changes induced by two alternating laboratory swash events. Coast.
Eng. 152. https://doi.org/10.1016/j.coastaleng.2019.103519

©2022 IAHR. Used with permission / ISSN-L 2521-7119

5600

