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INTRODUCTION 
The large proportion of the world’s population that lives and 

works close to the coastline is directly affected by the movement 

of seabed sediments. Nowadays, morphodynamic models are key 

tools in coastal consultancy and science to predict how coasts 

respond to human activities and to natural variations in the wave 

forcing, aiding in the design of mitigation measures and, hence, 

informing coastal zone management strategies. The models 

comprise coupled modules that predict the spatial variability in the 

governing hydrodynamics (waves and currents), the transport of 

bed material (predominantly sand), and bed level change. The 

sand-transport module, generally considered to be the weakest 

link, usually comprises one or more simple equations that semi-

empirically relate near-bed wave-driven (orbital) flow 

characteristics to a bulk transport quantity (e.g., Bailard, 1981; 

Ribberink, 1998). While such a sand-transport module can result 

in fairly accurate seasonal to multi-year bed-level change 

predictions in water depths larger than, say, 2 m (e.g., Ruessink et 

al., 2007; Ruggiero et al., 2009), this is at present essentially 

impossible in smaller depths (e.g., Ruessink and Kuriyama, 2008). 

In fact, most morphodynamic models do purposely not attempt to 

estimate sand transport rates here (e.g., Plant et al., 2004; 

Ruessink et al., 2007). This is a critical shortcoming in present-

day morphodynamic models because bed-level changes in shallow 

water are often large (e.g., Aagaard et al., 2005; Quartel et al., 

2008) and understanding sand transport through the shallow-water 

region onto the beach is crucial to the successful design of beach-

restoration and nourishment projects.  

The depth zone for which current morphodynamic models fail 

to make sensible sand transport predictions is characterized by 

breaking waves and bores, the strongly aerated, almost vertical 

walls of broken waves that form the transition between breaking 

waves in deeper water and the forceful uprush and backwash 

motions (swash) at the top of the beach. Laboratory experiments 

(e.g., Barkaszi and Dally, 1992; Scott et al., 2009) demonstrate 

that sand suspension beneath breaking waves and bores is strongly 

intermittent in time, apparently unrelated to the near-bed orbital 

flow. This contrasts sharply with the much more periodic 

suspension in deeper water (Osborne and Greenwood, 1992; 

Ruessink et al., 1998) and implies that sand-transport modules 

based on the near-bed orbital flow may no longer be applicable. 

The water motion beneath breaking waves and bores contains 

coherent, breaking-induced turbulence eddies that are generated at 

the sea surface and propagate downward into the water column 

(e.g., Nadaoko et al., 1989). Close to the shore, the water depth is 

sufficiently small for these eddies to reach the bed and to 

forcefully lift sand into suspension. Small-scale laboratory 

experiments (e.g., Nadaoko et al., 1988) have visually confirmed 
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this and thus indicate that surface-generated intermittent eddies, 

rather than the strength of the near-bed orbital motion, may be the 

key mechanism for sand suspension beneath breaking waves and 

bores. Although attempts to include breaking-induced turbulence 

into sand-transport equations have been performed (e.g., Roelvink 

and Stive, 1989), our quantitative understanding of the effects of 

breaking-induced turbulence on sand suspension is limited 

because of a lack of simultaneous and accurate measurements of 

turbulence and sand suspension under breaking waves and bores. 

As part of the second large-scale Barrier Dynamics Experiment 

(BARDEX II – Masselink et al., 2013), funded under the Hydralab 

IV programme, Utrecht University led the work package on 

swash-surf zone exchange and bar dynamics. The aims of this 

work package were to determine and quantify (1) the dominant 

hydrodynamic and sediment transport mechanisms responsible for 

swash-surf zone sediment exchange and (2) to identify key 

processes responsible for onshore and offshore bar migration. A 

key aspect for the first aim is to examine the role of surface-

generated turbulence on sand suspension and transport. The 

present paper provides a description of the experimental set-up to 

reach the two aims and illustrates preliminary results of the 

bathymetric evolution and of the vertical structure of turbulent 

kinetic energy as a function of breaking-induced wave dissipation. 

The paper was part of a special session held during the 2013 

International Coastal Symposium.  

 

METHODS 

Instruments and Measurements 
 The BARDEXII project was carried out in the Deltagoot in the 

Netherlands in May-July 2012. Masselink et al. (2013) 

extensively describe the experimental set-up and test series of 

BARDEXII. The backbone of the instrumentation of direct 

relevance to surf-swash exchange work package (Figure 1) was 

formed by a cross-shore array of 16 pressure transducers (PT, see 

Figure 2a) to measure cross-shore wave transformation from a 

location near the wave maker into the inner surf zone. Most of 

these PTs (indicated with a circle in Figure 1) were positioned close to the flume wall. At 3 locations (x = 60, 70 and 75 m in 

Figure 1), which prior to the experiments were estimated to be 

near the location where a sandbar might form, the PT was 

collocated with an electromagnetic flow meter (EMF) and 3 

optical backscatter sensors (OBS) to measure near-bed cross-shore 

flow velocity and sand concentrations (Figure 2b). All these 

instruments were attached to a wall-mounted scaffolding mesh, 

with the instruments located some 2 m from the nearest flume wall 

(the flume was 5 m wide). After each wave sequence, the mesh 

was manually winched upward and then lowered to the bed to 

always yield the same instrument heights above the bed at the start 

of a wave sequence. The OBSs were positioned to be 

approximately 0.035, 0.06 and 0.11 m above the bed; the EMF 

was typically at 0.11 m above the bed. At a single location (x = 65 

m), the PT was collocated with a vertical array of 3 sideways 

oriented acoustic Doppler velocimeters (ADV) and 7 OBSs 

(Figure 2c) to enable simultaneous measurements of turbulence 

characteristics and sand concentration. Again, these instruments 

were attached to a wall-mounted scaffolding mesh to be 

approximately 2 m from the flume wall and were repositioned to a 

known height above the bed prior to each wave sequence. The 

ADVs were at 0.175, 0.435 and 0.70 m above the bed, and the 

distances of the OBSs to the bed ranged from 0.04 to 0.71 m. In 

the following, the ADVs are numbered from ADV1 to ADV3 with 

increasing distance from the bed. Data collected with all these 

instruments were logged with frequencies between 4 and 20 Hz. 

Table 1. Overview of the experimental programme. Hs = 

significant wave height; Tp = peak wave period; hs = water 

depth in the sea; and hl = water depth in the lagoon.  Hs is at 

the seaward end of the slope, i.e., x = 50 m, see Figure 1.  

Test Hs (m) Tp (s) hs (m) hl (m) 

Test series A: Beach response to varying wave conditions 

and different lagoon levels; no tide 

   A1 0.89 8 3 3 – 3.4 

   A2 0.88 8 3 4.3 

   A3 0.88 8 3 4.3 

   A4 0.88 8 3 1.75 

   A6 0.69 12 3 3 

   A7 0.77 12 3 4.25 

   A8 0.77 12 3 1.75 

Test series B: Bar dynamics due to different sea levels; no 

tide 

   B1 0.89 8 3 1.75 

   B2 0.87 8 2.5 1.75 

Test series C: Beach response to varying wave conditions 

with tide (30-min data segments) 

   C1 0.88, 

0.55 

8 2.25 → 3.65 1.75 

   C2 0.55, 

0.90 

8 3.53 → 2.25 4.25 

Test series D: Identification of overtopping/overwash 

threshold; increase sea level until overwash occurs (20-min 

data segments) 

   D1 0.74 4 3.15 → 4.2 1.75 

   D2 0.79 5 3.45 → 4.05 1.75 

   D3 0.80 6 3.45 → 3.9 1.75 

   D4 0.83 7 3.45 → 3.9 1.75 

   D5 0.79 8 3.45 → 3.75 1.75 

   D6 0.81 9 3.30 → 3.75 1.75 

   D7 0.81 10 3.15 → 3.6 1.75 

Test series E: Barrier overwash (13-min data segments) 

   E1 0.90 8 3.9 1.75 

 
Figure 1. Elevation z with respect to the concrete floor of the 

flume versus distance x to the wave maker. The circles represent 

pressure transducers; the filled circles are the location of 

instruments to measure sand transport; the filled square 

represents the turbulence rig; and the open square is the three-

dimensional profiling sonar. The horizontal line at elevation is 3 

m is the still-water level hs during most experiments, Table 1. 

The bed profile shown (thick black line) is the initial, 1:15 
sloping profile. 
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Finally, a three-dimensional profiling sonar was positioned some 2 

m seaward of the ADVs to obtain high-resolution scans of 

bedform patterns. Scans were started manually, on average every 

5 minutes during wave action. Bed profiles (x = 31 – 115 m) of the 

approximate centerline of the flume were recorded at the end of 

each wave sequence using a roller and actuator operated from an 

overhead carriage. The spatial resolution of the bed profiles was 

0.01 m. The duration of a wave sequence varied between 10 and 

90 minutes.  

An overview of the experimental programme is provided in 

Table 1. The significant wave height Hs at the toe of the slope (x = 

50 m) varied between ~0.5 to ~0.9 m, with peak periods Tp of 

mostly 8 or 12 s.  Because of the large bed slope and the high 

wave periods, waves broke by plunging. Occasionally, a high 

wave broke immediately of the wave maker; after an initial 

plunge, such a wave progressed as a bore through the entire flume.  

Data Processing 

Time series of instantaneous pressure p were converted to sea 

surface elevation η using linear wave theory. Autospectra of η 

were computed using 50% overlapping, 4.5-min long, Hamming-

windowed data blocks and then processed into significant wave 

heights Hs for the short waves (< 20 s) and infragravity waves (> 

20 s). The raw OBS signals were converted to sand concentrations 

with calibration curves obtained in a recirculation tank using sand 

from the barrier (median diameter D50 = 0.42 mm, D10 = 0.26 mm 

and D90 = 0.90 mm). The ADV signals were despiked and quality-

controlled using previously used procedures (Ruessink, 2010). 

The turbulence velocities in the cross-shore, alongshore and 

vertical direction, u’, v’ and w’, respectively, were estimated using 

the two-sensor filtering technique of Feddersen and Williams 

(2007). Turbulence velocities at ADV1 used adaptive-filtered 

velocities from ADV2, at ADV2 from ADV3, and at ADV3 from 

ADV2. The turbulent kinetic energy k was then estimated as k = 

0.5*( u’2 + v’2 + w’2 ), where the angle brackets indicate a run 

(i.e., a wave-sequence) average. 

All beach profiles contained variability at two distinct scales. 

The “large-scale” variability comprised the barrier itself, with the 

superimposed sandbar and berm (when present). The “small-

scale” variability was due to wave ripples. To separate the two 

scales, each profile z(x), where z is bed level and x is distance to 

the wave maker, was low-pass filtered using a scale-controlled 

quadratic-loess filter. Here, based on the observed ripple wave 

lengths, the filter scale λx was set to 3.5 m. This implies that 

features with cross-shore lengths of 5 m are attenuated by at least 

50%. We refer to the low-pass filtered beach profiles as zb(x). The 

difference between z(x) and zb(x), zr(x), is a cross-shore profile of 

wave-ripple variability. Finally, we subtracted zb(x) at t = 0 (i.e., 

the low-pass filtered initial profile) from each zb(x) to yield a 

perturbation matrix, žb(x,t). A positive (negative) perturbation 

implies that, at given t, the bed level was higher (lower) than in 

the initial profile. Recall from Figure 1 that the initial profile 

contained a planar 1:15 slope.  

PRELIMINARY RESULTS 

Bathymetric Evolution 
 

Figure 3a demonstrates a time-space diagram of the perturbation 

matrix žb(x,t). A number of selected cross-shore profile, zb(x,t), are 

 
Figure 2. Photographs showing instruments deployed as part of work package 5: (a) pressure transducers; (b) surf zone rig comprising 

3 Optical backscatter sensors (OBS), 1 Electromagnetic Flow Meter (EMF) and 1 PT; and (c) turbulence rig comprising 3 Acoustic 

Doppler Velocimeters, 7 OBSs and 1 PT. The 3 PTs on the horizontal part of the profile (x < 50 m in Figure 1) were of a different type 

than shown in panel (a) and were deployed by flume staff. 
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provided in Figure 4 to aid in the interpretation of Figure 3a. On 

top of Figure 3a, also the approximate location of the breakpoint, 

xb, and of the (time) mean water level, xw, are plotted. We 

estimated xb as the instrument location where the short-wave Hs 

was largest, while xw is the location where the water level 

measured at the shallowest PT intersected with the beach face. We 

realize that, in random waves, the boundary between shoaling and 

breaking is not a single location but a cross-shore region given the 

temporal variation in wave height.  

As can be seen in Figures 3a and 4a, a bar built up rapidly 

during A1 – A4 to reach a maximum perturbation with respect to 

the initial profile of 0.35 m at x ~ 70 m. This location corresponds 

to xb estimate on the initially plane beach (A1). During tests A6 – 

A8 the bar migrated onshore and diminished in height, while at the 

same time, a berm developed at the upper beach (Figures 3a; see 

also Masselink et al., 2013). During tests B and C, the profile 

contained a more or less horizontal platform, with its seaward 

edge near x ~ 70 m and its shoreward edge around x ~ 75 to 80 m. 

This horizontal platform is visible in Figure 3a as the increasingly 

dark blue colors in the onshore direction and from the profiles in 

Figure 4b. Provided the wave height was sufficiently large, the 

break point was located at the seaward edge of the platform. 

During the early stages of the rising tide experiment (C1), the bar 

moved onshore, see Dubarbier et al. (2013) for further details. 

During series D and E, morphological evolution was relatively 

small. Most notably, the erosion of the berm during the higher 

water levels resulted in the formation of a terraced bar with its 

seaward edge near x ~ 85 m. During some wave sequences, the 

largest waves started to break at this edge (Figure 3a). The 

persistent sedimentation band at x ~ 45 – 50 m is located at the 

initial change from the horizontal to the 1:15 sloping part of the 

profile. As time progressed, this slope transition became more 

gradual, giving rise to the sedimentation band in Figure 3a. It does 

not represent a proper bar and did not affect wave breaking. Figure 

3b illustrates that wave ripples were omnipresent, even well inside 

the surf zone. A visual inspection of Figure 3b indicates that 

typical ripple heights – vertical crest to trough distance – were 0.1 

to 0.15 m, with wave lengths in the order of 1 m. Scans with the 

three-dimensional profiling sonar demonstrated that the ripples 

were not entirely two-dimensional but contained cross-flume 

(wall-to-wall) variability. 

 
Figure 3. Time-space diagrams of (a) the perturbation matrix žb(x,t) and (b) the ripple matrix zr(x,t). The circles and the black line in both 

panels represent the approximate location of the breakpoint, xb, and of the intersection of the mean water level with the beach face, xw, 

respectively. The horizontal dark line is the location of the turbulence rig. The vertical light gray lines separate the conditions. The units 

in (a) and (b) are m. A3 comprised 1, approximately 3-hour long wave run without profiling, hence the limited observations of the 

breakpoint and the bar coding (especially obvious in panel b). Estimates of  xb are not available for most D and E runs as even the 
shallowest location was seaward of the surf zone.  
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Vertical Turbulence Structure 
   Figure 5 illustrates the Froude-scaled turbulent kinetic energy 

(k/gh), where g = 9.81 m/s2 and h is water depth, versus the 

height of each ADV above the bed normalized by h, zADV/h. The 

lowest (k/gh) (say, < 0.02) were obtained when the ADVs were 

well seaward of the surf zone (predominantly conditions D and E). 

In this case, (k/gh) was highest at the lowest ADV, within the 

lowest 10 – 15% of the water column, and independent of zADV/h 

higher up in the vertical. The vertical structure indicates that the 

turbulence was predominantly generated at the bed, presumably 

related to vortices shed off the wave ripples. For observations at 

the edge of the surf zone or within the surf zone, (k/gh) levels 

were higher throughout the entire column. Initially, we see the 

development of (k/gh) profiles peaking at both the bed and at the 

surface. This most likely reflects a double source of turbulence: 

bed-generated and surface-generated. For the observations with 

the largest (k/gh), the vertical structure was more or less uniform 

with elevation of the bed, with a tendency of the largest values 

near the surface. The absence of a clear vertical trend in (k/gh) 

indicates that vertical turbulence mixing is strong. The values 

from 0.04 to 0.07 are within the range of previous field (e.g., 

Ruessink, 2010; Ruessink et al., 2012) and laboratory (e.g., Yoon 

and Cox, 2010) observations beneath breaking waves. It is also 

obvious from Figure 5 that the largest (k/gh) were obtained when 

the still water level hs was lowest as the ADV array then spans the 

largest portion of the water column. 

 To investigate whether (k/gh) depends on the short-wave 

breaking-induced dissipation Db, we estimated Db at the 

turbulence rig using the formulation of Baldock et al. (1998), 
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Here, α = 1, f = 1/Tp, ρ = 1000 kg/m3 is water density, Hrms is the 

root-mean-square wave height and Hb is the local breaker height, 

which depends on the local water depth, wave period and a free 

model parameter γ (see Apotsos et al., 2008 for preferred values). 

We specifically chose the Baldock et al. (1998) formulation 

because of its good predictive capabilities on steep bed slopes. At 

the turbulence rig, Db was estimated to vary between 7 and 125 

Nm/s. The gray coding in Figure 5 confirms that the change in 

magnitude and vertical structure of (k/gh) coincides with a 

change in Db, with the largest and approximately vertically 

uniform (k/gh) for the largest Db. Estimates of dissipation at all 

other instrument locations reveal that during conditions when 

(k/gh) was largest, the turbulence rig was positioned at the 

location with maximum Db. 

CONCLUDING REMARKS 
This contribution was written as part of the BARDEXII special 

session held during the 2013 International Coastal Symposium 

and focused on the work package dealing with swash-surf zone 

exchange and bar dynamics. Waves with a significant height of 

about 0.85 m and a period of 8 s near the wave maker transformed 

the initially plane sloping profile into a barred profile with the bar 

crest in the vicinity of the breakpoint on the initial plane profile. 

Lower, longer period waves caused the bar to move onshore and 

to decay, with the simultaneous built-up of a pronounced berm in 

the upper swash zone. As a first-step in understanding sand 

transport processes, we focused on the vertical structure of the 

Froude-scaled turbulent kinetic energy, (k/gh). Beneath shoaling 

 
Figure 4. Elevation z with respect to the concrete floor of the flume 

versus distance x to the wave maker, showing (a) the sandbar 

development at x ~ 70 m  during A1 (black) – A4 (red) and (b) the 

more-or-less horizontal platform at x ~ 70 – 80 m present during 

the B (thick black) and C series (red and blue). In (b), the thin 

black line is the initial 1:15 sloping profile for reference. 

 

Figure 5. Froude-scaled turbulent kinetic energy (k/gh) versus the 

normalized position in the water column zADV/h. The colour of 

the profile changes from yellow into dark red with an increase in 

estimated dissipation.  zADV/h = 0 corresponds to the bed, while  

zADV/h ~ 0.7 is the wave-trough level. Profiles are shown only 

when all 3 ADVs were operational. Each profile is based on an 

entire wave sequence. 
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waves, (k/gh) is low (< 0.02) and highest near the bed, pointing 

to the relevance of near-bed turbulence to sand entrainment. With 

an increase in breaking-induced dissipation, (k/gh) increases to 

0.04 – 0.07, consistent with earlier field and laboratory 

observations. Now, (k/gh) is almost uniform in the vertical, with 

a tendency for higher values near the surface, indicative of the 

importance of surface-generated turbulence to overall turbulence 

dynamics and, presumably, to sand entrainment as well. In our 

ongoing work, we will investigate whether and how the sediment 

stirring and transport is affected in the cross-shore by the change 

from predominantly bed- to surface-generated turbulence.   
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