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Abstract: Swash zone sheet flow and suspended sediment transport rates are estimated on a 14 

coarse sand beach constructed in a large-scale laboratory wave flume. Three test cases under 15 

monochromatic waves with wave heights of 0.74 m and wave periods of 8 and 12.2 s were 16 

analyzed. Sediment flux in the sheet flow layer exceeds several hundred kg m-2 s-1 during both 17 

uprush and backwash. Suspended sediment flux is large during uprush and can exceed 200 kg m-
18 

2 s-1. Instantaneous sediment flux magnitudes in the sheet layer are nearly always larger than 19 

those for suspended sediment flux. However, sediment transport rates, those integrated over 20 

depth, indicate that suspended load transport is dominant during uprush for all cases and during 21 

the early stages of backwash except in the case for the 12.2 s wave case when the foreshore was 22 

steeper. Results could not be obtained for an entire swash event and were particularly truncated 23 

during backwash when water depths fell below the elevation of the lowest current meter. 24 

 25 
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Highlights: 1) Sheet flow instantaneous flux estimates exceed those for suspended sediment 26 

transport. 2) Depth-integrated sediment transport is dominated by suspended load during uprush. 27 

3) Sediment transport rates could not be estimated during the latter stages of backwash when the 28 

depth is shallower than the lowest current meter.  29 

 30 

1. Introduction 31 

 32 

Quantifying and predicting sediment transport in the swash zone continues to be a challenge for 33 

coastal engineers and scientists. The swash zone, where wave-driven flows alternately wash up 34 

and down the beach face, is challenging due to rapid, turbulent, shallow, ephemeral flows. 35 

Sediment concentrations near the bed are extremely high and occur in a thin layer whereas 36 

suspended sediment concentrations may also be large and nearly uniform throughout the water 37 

column depending on forcing conditions.    38 

 39 

The majority of present knowledge of swash-zone sediment transport arises from field studies 40 

that focus on suspended sediment fluxes. Suspended sediment fluxes are estimated as the product 41 

of local velocity and sediment concentration (e.g. Alsina and Caceres, 2011; Butt and Russell, 42 

1999; Masselink et al., 2005; Puleo et al., 2000). Given the challenges associated with sensor 43 

deployment, flux estimates are obtained at a limited number (1-3) of elevations leading to a 44 

coarse under-resolution of the vertical variability and bulk mass flux estimate. Improved vertical 45 

resolution is attainable using fiber or miniature optic backscatter sensors (FOBS or MOBS) that 46 

can yield a concentration profile at up to 0.01 m resolution (Butt et al., 2009; Conley and Beach, 47 

2003; Puleo, 2009; Puleo et al., 2000). However, neither OBS nor FOBS/MOBS provide any 48 
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information on sediment flux processes that occur in the high concentration lower flow region 49 

near the bed. These nearbed sediment fluxes include contributions from bed load and/or sheet 50 

flow. There may be considerable overlap between the two transport modes. The commonly 51 

assumed formulation is followed in that bed load is characterized as saltating grains whereas 52 

sheet flow is composed of an entire layer of sediment under active transport. A study on time-53 

integrated sediment transport indicated the importance of nearbed sediment transport relative to 54 

suspended sediment transport (Horn and Mason, 1994). Other limited in situ data from the swash 55 

zone (Yu et al., 1990) quantified the magnitude of the nearbed sediment concentration but flux 56 

estimates were not presented. New sensors have been designed that more fully resolve the 57 

vertical profile of sediment concentration in the sheet layer (Lanckriet et al., 2013; Lanckriet et 58 

al., 2014; Puleo et al., 2010). Preliminary results using these sensors indicate the nearbed 59 

sediment transport is a significant fraction of the total load sediment transport (Puleo et al., 60 

2014b). Horizontal gradients in the total load sediment transport (depth-integrated bed load plus 61 

suspended load), regardless of the dominant transport mode, drive small-scale local 62 

morphological change on an inter-swash basis (Blenkinsopp et al., 2010; Masselink et al., 2009; 63 

Puleo et al., 2014a). In an alongshore uniform environment (or assumption thereof), fluxes can 64 

also be estimated with the sediment continuity equation by measuring the morphologic change at 65 

numerous cross-shore locations (Blenkinsopp et al., 2011; Masselink et al., 2009). However, this 66 

inference does not quantify individually the contribution of each of the two sediment transport 67 

modes.  68 

 69 

As mentioned previously, sediment concentration and velocity are both needed to quantify 70 

sediment flux. Sediment transport studies normally focus on the cross-shore component and 71 
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utilize impeller (e.g. Puleo et al., 2000), electromagnetic (e.g. Masselink et al., 2005) or Acoustic 72 

Doppler Velocimeters (ADVs; e.g. Raubenheimer, 2002). Typical impellers have a diameter that 73 

does not allow for measurements in close proximity to the bed. The other two sensor types have 74 

a smaller measuring volume and can be located within just a few centimeters of the bed. Only 75 

several of these sensors can be deployed above a particular horizontal location to measure the 76 

vertical distribution of swash-zone velocity due to their size and/or measuring characteristics. 77 

Recently, a new profiling velocimeter (Craig et al., 2011) has been used to quantify the vertical 78 

distribution of the nearbed velocity at high spatial resolution (0.001 m) under benign (Puleo et 79 

al., 2012; Wengrove and Foster, 2014) and more energetic (Puleo et al., 2012; Puleo et al., 80 

2014b) forcing conditions.  81 

 82 

Puleo et al. (2014b) describe more fully the difficulty in measuring in the shallow water swash-83 

zone flows. Of particular importance is obtaining a velocity time series throughout an entire 84 

swash event. Electromagnetic and acoustic sensors are disrupted when they are first wetted by an 85 

incoming turbulent bore. Noisy data are more problematic for the acoustic sensor due to the 86 

bubbly bore/swash front. Both sensors suffer from positional difficulties in that they are, by 87 

necessity, located some finite distance above the bed. Thus, when the backwash recedes and the 88 

swash lens thins, there will be a portion of the swash event where velocities cannot be obtained 89 

using the same current meter. This “missing” portion may represent more than half the true 90 

swash cycle duration (see Section 5) depending on hydrodynamic conditions and current meter 91 

elevation. Moreover, in particularly energetic environments, there can be more than a centimeter 92 

of morphologic change resulting in considerable variability in the relative position from the bed 93 

(Puleo et al., 2014a). Every study that uses an elevated current meter will have this problem of 94 
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artificially truncating the swash event unless current meter data are supplemented with other 95 

information. Ultrasonic distance meters (Turner et al., 2008), LIDAR (Blenkinsopp et al., 2010), 96 

or particle image velocimetry (e.g.  Holland et al., 2001; Puleo et al., 2003a) can provide some 97 

measure of the velocity throughout the full swash cycle. The former two methods are used to 98 

quantify the depth-averaged velocity through volume continuity procedures. The latter method is 99 

able to quantify only the free surface horizontal velocity.  100 

 101 

The flow field in direct vicinity of the bed under field conditions is unknown regardless of the 102 

location of the lowest current meter or the use of image-based velocimetry techniques. Flows in 103 

this nearbed region (order of several centimeters) are generally assumed to be either depth-104 

uniform using the value from an elevated current meter (e.g. Puleo et al., 2000) or assuming a 105 

logarithmic profile (Raubenheimer et al., 2004). Recent velocity profile measurements on a 106 

moderately steep, microtidal, low energy beach (Puleo et al., 2012) and a macrotidal, high 107 

energy beach (Puleo et al., 2014b) indicated the existence of a logarithmic profile near the bed 108 

under much of the measured swash duration. Ruju et al., (this issue) show that the shape of the 109 

nearbed velocity profile on energetic, steep, beaches is also logarithmic for much of the 110 

measured swash duration. 111 

 112 

This paper focuses on observations of nearbed swash-zone sediment flux obtained during the 113 

BARDEX II study (Masselink et al., this issue). The main emphasis of this effort is to determine 114 

the relative importance of suspended to sheet flow sediment transport. Section 2 describes the 115 

experimental details relevant to this paper. Section 3 explains the quality control procedures used 116 

on the data set and bed level identification as it varied throughout a swash cycle. Formulations 117 



6 

 

for sediment concentrations and transport are given in Section 4. Section 5 provides results 118 

related to sheet flow and suspended sediment flux profiles and integrated transport rates. 119 

Ensemble-average events for the three test cases are also presented. Discussion and conclusions 120 

are given in Section 6 and Section 7 respectively. 121 

 122 

2. Large-Scale Laboratory Experiment and Instrumentation 123 

2.1 Set Up and Conditions  124 

The BARDEX II experiment was conducted in the Delta Flume, the Netherlands to investigate 125 

barrier dynamics. Full experimental details are provided by (Masselink et al., this issue). A right-126 

handed coordinate system was established with x increasing onshore and z  ́vertically up. The 127 

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

experiment is the bottom of the wave flume. We note that the vertical coordinate is designated 129 

with a prime here because analyses throughout the paper will alter the datum for the vertical 130 

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

consisted of: an offshore sloping section from 24-29 m up to a sediment thickness of 0.5 m, a 132 

uniform thickness section from 29-49 m, a 1:15 sloping section from 49-109 m, a 5 m wide berm 133 

crest from 109-114 m and a 1:15 landward sloping section from 114-124 m. The sediment used 134 

in the experiment was moderately sorted coarse sand with a median grain diameter of 0.43 mm. 135 

Five experiment series were conducted to investigate the different barrier morphological 136 

responses (Masselink et al., this issue; Table 1). At the end of some of the tests, monochromatic 137 

wave runs were conducted providing the potential for ensemble averaging. Data from 138 

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

2012) are presented here because they provided the best coverage of bed load and suspended 140 
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sediment transport. Reference to a particular test refers only to the monochromatic run within 141 

that test. Experimental conditions for these monochromatic cases are given in Table 1. The 142 

monochromatic wave height was 0.74 m for all three tests but the period changed from 8 s for 143 

test A2 and A4 to 12.2 s for test A6. In addition, the water level in the lagoon was higher than 144 

sea level for test A2, lower than sea level for test A4 and the same as sea level for test A6. 145 

 146 

2.2 Beach Profiles 147 

A mechanical beach profiler attached to an overhead carriage recorded the beach elevation along 148 

the flume centerline following each run within a test series. Any alongshore non-uniformity 149 

cannot be captured with the profiler.  Some alongshore non-uniformity in the morphology and 150 

accompanying swash flows was observed visually for several of the runs within the A series of 151 

tests but was not routinely quantified. Figure 1 shows the original beach profile and the beach 152 

profile following each monochromatic test series described here. The beach steepened through 153 

the A series of tests with erosion in the seaward swash and berm development landward. Swash 154 

zone data discussed here were collected at a cross-shore location of x = 89.6 m (vertical dashed 155 

line in Figure 1). Elevation changes at this cross-shore location are much smaller than those 156 

landward and seaward. The foreshore slope measured from 85 m < x < 95 m is 1:10, 1:9.5 and 157 

1:7 for test A2, A4 and A6 respectively. The steepness increases to 1:8.9, 1:8.7 and 1:6.5 158 

respectively if only the local bathymetry near the sensors (89 m < x < 91 m) is considered.  159 

 160 

2.3 Sensors 161 
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As mentioned in Section 2.2 only swash-zone data from the central swash-zone measurement 162 

location (x = 89.6 m) are presented in this paper (Figure 2). Velocities were collected using 2 163 

Valeport electromagnetic current meters (EMCMs) and 2 acoustic Doppler profiling 164 

velocimeters (VECs). The EMCMs measure the horizontal velocity components (u,v) only. 165 

EMCMs were separated by 0.1 m in the alongshore direction and by 0.03 m in the vertical 166 

direction. EMCM data were collected at 6 Hz. The VECs are Nortek Vectrino II sensors (Craig 167 

et al., 2011) that measure a velocity profile of all 3 velocity components (u,v,w) at up to 0.001 m 168 

vertical resolution. VECs recorded at 100 Hz in continuous mode so that no data were lost in 169 

between a file close/open sequence. The 2 VECs were separated by roughly 0.2 m in the 170 

alongshore direction and by 0.025 – 0.03 m in the vertical direction. This separation provided a 171 

highly-resolved velocity profile over up to the lower 0.06 m of the water column. Often the range 172 

of the acoustic velocity profile bins intersected the at-rest bed level. However, under active sheet 173 

flow conditions it is not clear how far the acoustic pulse penetrates into the sheet layer. Water 174 

levels were recorded by a buried pressure transducer (Druck PTX1830) and recorded at 6 Hz.  175 

 176 

Two different sensors were used to measure sediment concentration. Suspended sediment 177 

concentration (SSC) was recorded using 4 Campbell Scientific Optical Backscatter Sensors 178 

(OBSs) within the water column. Sensors were separated in the vertical by 0.02 m. The initial 179 

elevation of the lowest sensor varied with test number. The lowest OBS was located at 0.053 m, 180 

0.04 m and 0.032 m at the beginning of the monochromatic forcing for tests A2, A4 and A6 181 

respectively. OBS concentrations were recorded at 16 Hz. Sediment concentrations in the sheet 182 

flow layer were measured using a conductivity concentration profiler (Figure 2B,C) designed at 183 

the University of Delaware (CCP; for a full description see Lanckriet et al., 2013; Lanckriet et 184 
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al., 2014; Puleo et al., 2014b). The CCP uses electric conductivity as a proxy for sediment 185 

concentration. Water has conductivity several orders of magnitude higher than the essentially 186 

non-conductive sand. The conductivity of a particular volume in space decreases as a function of 187 

the sand/water ratio within the volume. The CCP profiles the sheet flow sediment concentrations 188 

(SFSC) with 0.001 m vertical resolution over a range of 0.029 m. The CCP consists of a 189 

removable probe with gold-plated electrodes and a PVC housing containing the electronics 190 

(Figure 2B). The actual sensing mechanism relies on the 4-electrode approach (Li and Meijer, 191 

2005). Multiplexers within the circuitry shift the active elements through the electrode array to 192 

return the SFSC profile. Sensors were deployed by burial with only the small measurement 193 

portion with cross-sectional area of 0.0016 m (thick) x 0.0056 m (wide) x ~ 0.04 m (high) 194 

exposed to the flow (Figure 2C). Sensor burial reduces scour and wake effects and the 195 

surrounding sand helps support the thin, semi-flexible probe tip. Several CCPs were deployed 196 

under the VECs and separated in the alongshore by approximately 0.2 m. Sensors were aligned 197 

visually during deployment such that the electrodes were parallel to the cross-shore direction. 198 

CCPs were sampled at 8 Hz. 199 

 200 

 201 

 3. Data Quality Control and Bed Level Identification  202 

Data from different sensors were collected on separate laptop computers. Individual computers 203 

were time synchronized to a common time datum but individual samples were not triggered 204 

simultaneously. Data from the VECs, EMCMs, OBSs and PTs were interpolated to the same 205 

time vector as that of the CCP for direct comparison/utilization between time series. 206 
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 207 

Pressure transducer data were corrected for atmospheric pressure and converted to water depth 208 

using gains and offsets determined by a priori laboratory calibrations. The EMCMs and VECs 209 

were calibrated by their manufacturers and are highly stable. CCP data were converted to 210 

sediment concentration using Archie’s Law (Archie, 1942) and the clear-water and packed bed 211 

conductivities (Lanckriet et al., 2013). OBS data were calibrated in the laboratory by adding 212 

known sediment masses in incremental amounts to a recirculation chamber with a known volume 213 

of fluid using sediment samples collected from the bed below the sensor during the study. This 214 

aspect of data calibration is the most challenging due to difficulties in maintaining a 215 

homogeneous mixture of high sediment concentration of coarse grains. Calibrations were only 216 

conducted for concentrations up to 80-100 kg m-3. Concentrations beyond this range are reported 217 

in this paper assuming the linear relationship can be extrapolated.   218 

 219 

The bed level varies throughout each test and during active forcing. Water depths from the PT 220 

are adjusted to account for the pre- and post-swash bed level when the area above the PT is 221 

known to have zero water depth. Other sensor data must also be adjusted so that they are 222 

referenced to a common local vertical datum. The local vertical datum used here is the top of the 223 

non-moving sediment bed (bottom of the sheet layer). Vertical distances from this elevation 224 

datum are defined on the z-axis. Lanckriet et al. (2013) defined the sheet layer bottom for CCP 225 

data as the elevation where the volumetric concentration is at a loose packing limit of 0.51 (= 226 

1352 kg m-3) (Bagnold, 1966a). Alternatively, it is noted that the bed level can also be 227 

determined based on the gradient of the instantaneous concentration profile (Lanckriet et al., 228 

2014; O'Donoghue and Wright, 2004). The sharp ‘shoulder’ transition region in the sheet flow 229 
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concentration profile is typically co-located with a volume fraction near the loose packing limit. 230 

Once the bed level is identified from CCP data, the temporal variability is applied to individual 231 

sensor elevations. This means that in addition to each sensor having a time series of its particular 232 

measurement it also has an associated time series of elevation relative to the time dependent bed 233 

level. Not accounting for this bed level variation can have serious ramifications when estimating 234 

bed shear stress as discussed in Puleo et al. (2014a) and sediment transport rates for an assumed 235 

sensor elevation due to improper elevation for the velocity measurement or incorrect vertical 236 

integration limits.  237 

 238 

Data for the EMCMs, VECs, CCPs and OBSs were removed from the record when their 239 

respective elevation was above the time-dependent free surface. Additional quality control steps 240 

are required for VEC data. VEC data were removed when the beam correlation was less than 70 241 

% or the beam amplitudes of at least 2 beams were less than -30 dB (similar to the approach used 242 

by Puleo et al., 2012 with these sensors). Poor correlation and weak amplitude is usually 243 

associated with bubbles or a large sediment load within the sampling volume. Additionally, VEC 244 

data were removed if 1) velocity differences of greater than 0.5 m s-1 (corresponding to a clearly 245 

erroneous measured flow acceleration of 50 m s-2) were recorded between subsequent 246 

measurements, 2) if any remaining velocity measurements occurred for time segments of less 247 

than 10 samples or 3) a bin was located below the instantaneous bed level.  248 

 249 

 4. Sediment Flux, Sediment Transport and Hydrodynamic Forcing Descriptors 250 

Figure 3 shows a schematic of assumed swash-zone velocity and sediment concentration 251 

profiles. The horizontal scale on the sediment concentration graph can be thought of as 252 



12 

 

logarithmic to more adequately account for the rapid transition in concentration from the sheet 253 

flow layer to the suspension layer. In practice, calculating the sediment flux should be simply the 254 

product of the velocity and concentration profiles. No known field or laboratory swash-zone 255 

study has been able to accomplish this “simple” calculation because of measurement gaps and 256 

variations in sampling volumes. Although the overall data set collected as part of this study is 257 

highly resolved, it still suffers partially from data gap issues. For example, suspended sediment 258 

concentration was obtained from only 4 vertical elevations. A pragmatic approach is taken and 259 

data are extrapolated in space in an effort to “fill in” the gaps to provide an approximation of the 260 

sediment transport. Data are not extrapolated in time (see Section 6). The gap in the 261 

concentration profile between the lowest OBS and the top of the sheet layer is approximated by 262 

assuming an exponential concentration profile. Gaps in the velocity profile between the lowest 263 

valid EMCM reading and the highest VEC bin are approximated with a linear interpolation. No 264 

velocities in the sheet layer were measured due to signal attenuation attributed to high sediment 265 

and bubble concentrations. In fact, to the authors’ knowledge, no swash-zone velocities in the 266 

sheet layer under prototype conditions have ever been measured. However, previous laboratory 267 

studies have suggested the velocity profile in the granular sheet layer can be approximated using 268 

a maximum velocity at the top of the sheet layer and zero velocity at the bottom of the sheet 269 

layer (e.g. Pugh and Wilson, 1999; Wang and Yu, 2007) as                                                270 

                                ���, �� � �	
��� � �	
����   ���  0 � � �  �����,                                                  (1)                271 

where n is positive and ranges from 0.5 to 1, uδb(t) is the velocity at the top of the sheet layer, 272 

δb(t) is the sheet layer thickness and z is the vertical coordinate with z = 0 at the instantaneous 273 

bed level. Thus, the origin for the z coordinate is the bottom of the sheet flow layer and that 274 
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origin necessarily varies as a function of time as the bottom of the sheet flow layer also varies in 275 

time.  In Eq. (1) n is set to 1, resulting in a linear velocity profile (See Section 6) and the near-276 

bed velocity at 0.005 m above the top of the sheet layer is nominally used for uδb(t) . The velocity 277 

from the next highest VEC bin or EMCM is used in instances where no velocity data are 278 

available at 0.005 m above the top of the sheet layer. Utilizing uδb(t) in this manner allows for an 279 

increased number of sediment transport rates to be determined but does mean that the elevation 280 

from which the value is extracted may vary slightly over the swash cycle. 281 

 282 

Instantaneous cross-shore suspended sediment flux, qsusp(t,z), and cross-shore sheet flow 283 

sediment flux, qsheet(t,z), are estimated as  284 

 285 

                                                      �������, �� � ���, �������, ��                                               (2) 286 

and  287 

                                                      �������, �� � ���, ��� ����, ��                                           (3) 288 

 289 

where u(t,z) is the constructed cross-shore velocity obtained from the VEC and EMCM array. 290 

Eqs. (2) and (3) are only valid within the suspended load and sheet flow layer regions 291 

respectively. Instantaneous suspended load transport, Qsusp(t), and sheet load transport, Qsheet(t), 292 

are obtained by integrating qsusp(t,z) and qsheet(t,z) over the vertical as 293 

 294 

                                                 !������� � " �������, ��#�        �$%&'�(
                                            (4) 295 

and 296 
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                                                    !������� � " �������, ��#��(
�)*                                               (5)              297 

where �	� is the elevation of the top of the sheet layer defined to occur where the volumetric 298 

concentration is 0.08 (Bagnold, 1966a), �+,-. is the elevation of the highest OBS and � � 0 is 299 

the instantaneous bed level as defined previously. The integrals are calculated as summations in 300 

practice because the velocity and sediment concentration profiles are not known analytically. 301 

Combining the two transport rates provides a highly-resolved sediment transport profile from 302 

within the sheet layer to ~ 0.08 m above the bed. For clarity, we refer to q as sediment flux and Q 303 

as sediment transport throughout the paper. 304 

 305 

Sediment transport estimates are generally derived from bed shear stress measurements. The bed 306 

shear stress, τ, is estimated from the VEC velocity profile in order to examine potential sediment 307 

transport relationships in this study. The mean velocity profile in a fully developed turbulent 308 

boundary layer is often quantified using the von Karman-Prandtl relationship     309 

 310 

                                              ���, �� � �/�0�1 23 � ��4�   ��� �	
 � � � ��5 ,                                     (6)                                           311 

 312 

where u*(t) is the friction velocity, κ (= 0.4) is the von Karman constant and z0 is the roughness 313 

height. Eq. (6) is assumed to be valid for mobile beds from just above the top of the sheet layer 314 

through to the top of the boundary layer at zbl. The relationship is undefined at � � 0  so 315 

application can only occur for z > z0. Eq. (6) was not originally developed for accelerating or 316 

under-developed turbulent boundary layers, but has been used with success under these 317 
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conditions in past studies (Jensen et al., 1989; O’Donoghue et al., 2010; Puleo et al., 2012). The 318 

bed shear stress is related to the friction velocity by  319 

 320 

                                                              6 ��� � 7�/���|�/���|,                                                   (7)                                         321 

 322 

where ρ is the fluid density, and | | indicates magnitude in order to maintain the direction of 323 

cross-shore shear stress.  324 

 325 

The logarithmic model is used to determine �/ for each velocity profile and hence the bed shear 326 

stress. A least squares regression between the velocity profile and 23��� is performed on the 327 

VEC profile. Only the lower 0.03 m of the water column is used to estimate the shear stress due 328 

to the potential for non-logarithmic profile variability away from the bed. The slope, s, of the 329 

least squares regression yields �/ � 9:  and the shear stress is obtained using Eq. (7). The 330 

logarithmic model fit, quantified by the square of the correlation coefficient r2, is rejected when 331 

it poorly fits the data, as  past studies using ensemble-averaged data used an r2 cutoff of 0.9 or 332 

more (e.g. O’Donoghue et al., 2010). Data under prototype conditions with fewer “identical” 333 

realizations for ensemble-averaging have more variability. An r2 value of 0.7 is used in this study 334 

as an indicator of poor model fit to instantaneous data.   335 

 336 

5. Results 337 

5.1 Hydrodynamics and Sediment Concentration 338 
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Figure 4 shows hydrodynamic and sediment concentration data from test A2. The water depth 339 

exceeds 0.1 m for each event as identified in Figure 4A. Cross-shore velocities from the EMCMs 340 

occur within the time frame for each swash event but have a shorter duration due to their 341 

elevation. The EMCM higher above the bed (black curve in Figure 4B) only registers a velocity 342 

during the deepest parts of the swash cycle. Maximum uprush velocities approach 1.5 m s-1 for 343 

this test. Measured backwash velocity magnitudes do not exceed 1 m s-1 for this test because the 344 

water thins rapidly under these forcing conditions leaving the sensor exposed. Suspended 345 

sediment concentration peaks near the beginning of the measured portion of the swash cycle 346 

(Figure 4C) where velocity data are not fully resolved. Maximum suspended sediment 347 

concentrations are generally less than ~100 kg m-3 for this test. Corresponding sheet flow 348 

concentrations are shown in Figure 4D. Note the difference in the vertical scale and the 349 

concentration scale where maximum SFSC exceeds 1300 kg m-3. The black curve is the bottom 350 

of the sheet flow layer The magenta curve is the top of the sheet flow layer defined at a 351 

volumetric concentration of 0.08 (Bagnold, 1956). When the sensor location is inundated there is 352 

a rapid decrease in SFSC as material is mobilized landward and carried into the water column 353 

leading to the corresponding increase in SSC. SFSC data show increased signal saturation 354 

through this roughly 90 s data segment. Signal saturation is indicative of individual profiling 355 

points located in the stationary bed and here suggest the bed level increased by ~0.025 m. The 356 

same types of signals are seen for test A4 (Figure 5) where the forcing conditions were the same 357 

but the lagoon level was lower and the profile was slightly steeper. Cross-shore velocities are 358 

quantified throughout more of the backwash due to the EMCMs being closer to the bed at the 359 

beginning of the test.  Test A6 (Figure 6) displays larger signals than test A2 or A4. The wave 360 

period increased from 8 to 12.2 s and the foreshore slope was steeper for Test A6 as compared to 361 
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the other tests. Water depths at the measurement location (Figure 6A) are more than double those 362 

for the other test cases. Maximum velocities (Figure 6B) are similar to the other cases, but both 363 

EMCMs record for nearly the same amount of time due to the deeper conditions. Maximum SSC 364 

values, unlike those in the other tests, exceed 200 kg m-3 and show sharp increases with the 365 

swash arrival. SSC peaks are also occasionally observed in the backwash. SFSC trends show a 366 

fairly stable time-averaged bed level (Figure 6D). The beach profile at the beginning of the test 367 

was steeper than in test A2 and A4 and perhaps in quasi-equilibrium causing the bed to change 368 

little in a mean sense. During an individual swash inundation, though, the bed level dropped 369 

rapidly by ~ 0.02 m. Sediment is deposited near and during flow reversal as indicated by an 370 

increase in SFSC during these times. Sediment is again mobilized in the sheet layer during 371 

backwash but not to the same depth as that for uprush.  372 

 373 

Only EMCM velocities were shown in Figures 4-6. VEC velocities provide an indication of the 374 

vertical variability as a function of time. Figure 7 shows an example of 3 swash events from test 375 

A2. Cross-shore velocity time series from several elevations above the top of the sheet layer are 376 

similar to those from the EMCM (Figure 7A; gray and black curves). EMCM velocities are 377 

difficult to see in the figure due to their consistency (magnitude and phasing) with the VEC 378 

velocities. Vertical profiles of the cross-shore velocity (Figure 7B) are extracted from the record 379 

at the times identified by the vertical dotted (uprush) and solid (backwash) lines in Figure 7A. 380 

Uprush (backwash) velocities are indicated by open (closed) circles. The boundary layer is 381 

thicker at the beginning of the swash cycle and appears to show a thinning until near flow 382 

reversal (Figure 7B; the “kink” in the velocity profile near an elevation of 0.03 m for the red 383 

circles progressively decreases to about 0.02 m for the cyan to black to magenta open circles). 384 
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There is no boundary layer at flow reversal (Figure 7B; filled red circles).  Boundary layer 385 

formation happens rapidly and is seen to grow throughout the backwash (Figure 7B, cyan to blue 386 

to magenta to black filled circles) until the sensor emerges from the water column. 387 

 388 

5.2 Sheet Flow and Suspended Sediment Fluxes 389 

Example sheet flow and suspended sediment fluxes for test A2 are shown in Figure 8. Water 390 

depths (Figure 8A) are shown for context and event beginning and end times. Suspended 391 

sediment fluxes at 4 different elevations indicate considerable differences in magnitudes with 392 

distance away from the bed (Figure 8B). Maximum suspended sediment flux magnitudes exceed 393 

100 kg m-2 s-1 during uprush and backwash. Sheet flow sediment flux is also shown at several 394 

elevations above the bed (Figure 8C). Sheet flow sediment flux magnitudes are larger than those 395 

for suspended sediment fluxes (note the difference in the vertical axis range between Figures 8B 396 

and 8C). Uprush sheet flow flux magnitudes exceed 300 kg m-2 s-1 while those in the backwash 397 

exceed 500 kg m-2 s-1 for the few events shown here. Vertical variability of the sediment fluxes 398 

(Figures 8D,E) is shown for ten time instances depicted by the vertical lines in Figure 8C. Dotted 399 

vertical lines and corresponding flux profiles are for uprush while solid lines and corresponding 400 

flux profiles are for backwash. Suspended sediment flux profiles (Figure 8D) show decreased 401 

values as the bed is approached but do not reach zero since the flow velocity for suspended load 402 

does not reach exactly zero at the top of the sheet layer. Flux profiles near flow reversal are more 403 

varied and do not show as much indication of a boundary layer as expected. Suspended sediment 404 

flux profiles extend to a maximum of about 0.07 m above the bed. The assumption of a linear 405 

velocity profile had to be invoked for the lower part of the water column and near the uprush 406 
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initiation due to poor velocity quantification (see for instance the red dotted and black dotted 407 

lines in Figure 8D). Corresponding sheet flow sediment flux profiles are suggestive of a 408 

boundary layer like transition through the sheet flow layer (Figure 8E). However, the profile 409 

shape results more from the shape of the sediment concentration profile than the assumed linear 410 

velocity profile through the sheet layer. Sheet flow flux profiles can extend to about 0.02 m 411 

above the bed during uprush but are more typically confined to about 0.01 m above the bed for 412 

the rest of the swash duration. Sheet flow flux profile magnitudes for backwash generally exceed 413 

corresponding profiles for uprush as expected from Figures 8B,C (note the difference in the 414 

horizontal scales between Figures 8D,E).  415 

 416 

Sediment flux profiles from Figure 8 are integrated over depth using Eqs. (4,5) to quantify the 417 

suspended load and sheet load transport (Figure 9). Water depths are shown in Figure 9A for 418 

temporal context. Suspended load transport magnitudes (black curves in Figure 9B) approach 5 419 

kg m-1 s-1 during uprush but are generally less during the recorded portion of the backwash. 420 

Sheet load transport magnitudes (grey curves in Figure 9B) are similar for both uprush and 421 

backwash with maximum magnitudes exceeding 2 kg m-1 s-1. The time series indicate that 422 

suspended load transport exceeds that of sheet load transport during uprush and is similar in 423 

magnitude during backwash. The ratio between the two sediment load transport magnitudes is 424 

defined as 425 

                                   ;<=0>?)@;ABAC/;AEFF0    GEFH IABACJ IAEFF0 
;AEFF0/;ABAC    GEFH IABACK IAEFF0 

L                                               (8) 426 

 427 
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Qratio is shown in Figure 9C where black dots indicate a dominance of suspended load transport 428 

and grey dots a dominance of sheet load transport. A Qratio value of 1, identified by the horizontal 429 

dotted line indicates the sediment load transport magnitudes are equal. The transport ratio 430 

approaches 8 during uprush and is generally confined to near 1 during backwash. The mean ± 431 

standard deviation for instantaneous suspended load transport dominance is 4.48±5.90 while that 432 

for instantaneous sheet load dominance is 6.03 ± 26.4. The interquartile range (IQR) is 1.55-4.70 433 

and 1.13-1.88 for suspended load and sheet load dominated portions of the swash zone, 434 

respectively. The IQR is meant to give another indication of the spread in the transport estimates. 435 

Figure 9C indicates that much of the suspended load dominance occurs during uprush while 436 

sheet load dominance occurs during backwash. The main reason suspended load transport is a 437 

significant contribution to uprush transport is that sheet flow layer is generally only ~0.01 m 438 

thick whereas the suspended load layer used in the calculations is often over 0.06 m thick  Thus, 439 

even though the instantaneous flux estimates for sheet flow often exceed those for suspended 440 

sediment flux by a factor of 2 or more, the restricted range over which the transport mode occurs 441 

reduces its overall influence on the total load transport rate during uprush. 442 

 443 

 5.3 Ensemble-Averaged Transport Estimates   444 

Figure 9 showed the transport rate estimates for test A2 only and for just a few swash events. 445 

Ensemble-averaging is undertaken to show similar results for a typical swash event and for the 446 

different test cases (Figure 10). Swash events are defined during each test case based on the 447 

water depth time series that goes to zero in between individual swash events. Velocities and 448 

sediment concentrations are interpolated to a time vector at 8 Hz with a duration corresponding 449 
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to the wave period (Table 1). Averaging is only carried out across the space and time positions 450 

when data exist so that the average is not artificially skewed by missing data. Only several waves 451 

are used for each average in an effort to compile events that are similar. That is, waves are only 452 

considered when the bed is identifiable for the majority of the cycle and sheet flow exists within 453 

the measurement range of the sensor. Thus, several waves are often removed from the beginning 454 

and end of the test case (e.g. first few waves in Figure 5; test A4 are not used). Six waves are 455 

used for ensemble-averaging for test A2, 8 for test A4 and 12 for test A6. This method provides 456 

statistically robust estimates, but is biased towards the lower forcing conditions when there is 457 

less morphologic change.  Suspended sediment flux profiles are shown as a colormap for the 458 

three tests (Figure 10A-C). Note the difference in the color scale for test A6. Ensemble-averaged 459 

suspended sediment flux profile values are largest during uprush and exceed 50 kg m-2 s-1 for test 460 

A2, 20 kg m-2 s-1 for test A4 and 180 kg m-2 s-1 for test A6 (Figure 10A-C). Ensemble-averaged 461 

uprush sheet flow flux profile values exceed 200 kg m-2 s-1 in all cases but are largest for test A6 462 

(Figure 10D-F). Sediment load transport magnitudes vary considerably for the three test cases 463 

(Figure 10G-I). The weakest transport magnitudes are found for test A4 even though the forcing 464 

and foreshore slope conditions are similar to test A2. A possible explanation is the higher lagoon 465 

level during test A2 that may increase bed saturation enhancing sediment mobility. The largest 466 

transport magnitudes are found for test A6 with a wave height similar to test A2 and A4 but with 467 

a longer period and a steeper foreshore. In all cases the suspended load transport exceeds the 468 

sheet load transport during uprush (Figure 10J-L; Table 2). Sheet load transport is similar to 469 

suspended load transport during backwash for test cases A2 and A4. Sheet load transport 470 

dominates during backwash for test A6 (Table 2).  471 

 472 
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5.4 Shear Stress and Sediment Transport Prediction 473 

Bed shear stresses are estimated for the ensemble average event using eq. (7) and the approach 474 

described in Section 4 (Figure 11). Shear stress magnitudes are largest during backwash and 475 

exceed 40 N m-2 for all three test cases. There is no clear dominance of one test case over another 476 

with regard to bed shear stress during backwash. Estimated uprush bed shear stresses tend to be 477 

smaller than those in the backwash except for test A2.  This result is counter to general 478 

expectations on a steep natural beach and recent laboratory findings (e.g. Kikkert et al., 2013). 479 

Differences in bed shear stress magnitudes between uprush and backwash are likely to stem from 480 

the lack of data during the initial phases of uprush when the sensor just becomes immersed and 481 

the flow contains a large void fraction. 482 

 483 

Sediment transport in coastal environments is often related to some type of an energetics 484 

formulation (e.g. Bagnold, 1966b; Bailard, 1981). The main components of the energetics 485 

formulation are a mobilizing term, the bed shear stress, and a transport agent: the velocity. In its 486 

most simplistic form the model can be written as 487 

                                                    !���� � M NO 6������� ,                                                               (9) 488 

where Qs is the sediment transport rate, g is gravitational acceleration (= 9.81 m s-2) and k is a 489 

dimensionless constant. The velocity u has to be obtained from some elevation. Here, the 490 

velocity from the top of the measured cross-shore velocity profile from the Vectrino II is used. 491 

The formulation for nearbed and suspended load transport in their most basic forms are similar 492 

so that eq. (9) can be used for either transport mode (or the total transport) by varying k. The 493 
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transport potential defined as eq. (9) with the k set to unity is shown in Figure 11B. The transport 494 

potential is weak during uprush except for test A2 and exceeds 2 kg m-1 s-1 during backwash for 495 

the three test cases. Figures 11C,D show the model estimated transport (horizontal axis) in 496 

relation to the transport estimates from the in situ ensemble-averaged measurements (vertical 497 

axis). Comparisons are made for suspended load (Figure 11C) and sheet load (Figure 11D) 498 

separately. Linear fits are carried out for uprush and backwash individually and the 499 

correspondence between the model estimate and estimate from in situ data are fairly linear 500 

(Table 3) with slope values, k, ranging from 0.24 to 24.7 for suspended load transport and 0.28 to 501 

6.2 for sheet load transport. Uprush k values exceed corresponding backwash k values for the 3 502 

tests and both transport types. The largest values for k occur for test A6. The majority of the 503 

other k values are less than 1 but still show considerable spread. 504 

 505 

6. Discussion 506 

Data in this study are some of the most complete prototype swash-zone sediment transport and 507 

velocity measurements ever collected and are used to determine the importance of suspended 508 

sediment to sheet flow sediment transport. It is found that generally the depth-integrated 509 

suspended load is dominant during uprush while depth-integrated sheet load is comparable to 510 

depth-integrated suspended load during much of the backwash. These findings are in general 511 

agreement with those of past work suggesting the uprush is probably dominated by suspended 512 

load transport (Masselink et al., 2005; Puleo et al., 2000). The results are also consistent with 513 

previous findings associated with swash-zone sheet flow measurements (Lanckriet et al., 2014; 514 

Puleo et al., 2014b).  Backwash suspended and sheet load transport was 6-8 kg m-1 s-1 (compared 515 
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to up to ~7 kg m-1 s-1 for this study) under more prolonged backwash. Maximum uprush 516 

suspended load transport exceeded maximum uprush sheet flow transport in the Puleo et al. 517 

(2014b) study by approximately a factor of 2 and is also consistent with the findings in the 518 

present study for Test A2 and A6.  It is noted, however, that the analysis in Puleo et al. (2014b) 519 

study was not performed to the same level of detail as here regarding the velocity and 520 

concentration data as a function of space and time. The effect of spatial and temporal data gaps 521 

and variations on the estimated transport rates depending on assumptions made in the 522 

calculations in the present study are discussed further.  523 

6.1 Spatial Data Gaps 524 

A major difficulty in determining the importance of one transport mode over another is 525 

measuring the entire velocity and sediment flux profile. We were not able to fully overcome this 526 

challenge even though the data have bridged a significant gap by including sheet flow estimates. 527 

The measurements in this study required spatial interpolation near uprush initiation when 528 

velocity measurements tend to be difficult to capture reliably, throughout other portions of the 529 

swash cycle when acoustic data reliability indicators were poor and simply because the EMCMs 530 

were located some distance above the VECs. Another potential effect of spatial data gaps is the 531 

inability for the sheet flow layer flux profiles to merge smoothly with the suspended sediment 532 

flux profiles at the top of the sheet layer (see for example the horizontal offsets between 533 

corresponding curves in Figure 8D,E). However, other researchers (Dohmen-Janssen and Hanes, 534 

2005; their Figure 13) have also shown the difficulty in aligning flux estimates from the two 535 

transport regions. 536 

6.2 Temporal Data Gaps 537 
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Spatial data gaps are compounded by temporal data gaps. Simple statistics involved in time 538 

averaging when data gaps are biased toward particular wave phases would suggest that the 539 

temporal data gaps are of more concern when quantifying swash-zone sediment transport. It is 540 

evident from Figures 8-11 that much of the velocity and transport signals from the swash zone 541 

are artificially truncated. The time axis in all figures are true to the swash event duration based 542 

on water depth but more than half of the event duration has no velocity or sediment flux data 543 

record. Sensor data are usually noisy when first immersed during uprush initiation causing the 544 

initial stages to be missed. Lack of data is also a major concern during backwash. Velocity 545 

sensor emergence from the water column during the thinning backwash renders a substantial 546 

portion of the event un-measured in terms of sediment transport (the CCP can still measure the 547 

sheet flow concentration but has no corresponding velocity that enables calculation of flux). 548 

Note, that data gaps in either phase of the swash cycle have the potential to alter the calibration 549 

coefficients when correlating “measured” to predicted sediment transport rates. 550 

 551 

As alluded to earlier, temporal gaps in the time series cannot be overcome with an in situ 552 

velocity sensor that must be located some elevation above the at-rest bed. Remote sensing is one 553 

approach that may overcome this issue. An example is the use of particle image velocimetry 554 

from a downward-looking imager to quantify the surface velocity as the flow thins (Lawless, 555 

2013). The technique cannot predict velocities below the surface but a surficial velocity 556 

throughout the duration of the event would enhance the ability to estimate sediment transport 557 

rates. No effort was undertaken in this study to extend the measurements temporally because the 558 

velocity time history shape is difficult to determine a priori. Puleo et al. (2014b) discussed and 559 

Lawless (2013) showed that the velocity in the backwash can slow considerably as the water 560 
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depth thins and friction begins to dominate gravitational forces. Having knowledge of the 561 

velocity and sediment transport rates throughout the entire swash duration could lead to different 562 

results than those obtained here. We speculate that the major difference would be a larger 563 

dominance of sheet flow transport during backwash as the flow thins (Figure 12) and there is less 564 

vertical capacity for suspended load transport. Swash zone water depths during the test cases 565 

shown here and indeed on most intermediate to reflective beaches exhibit a depth time series 566 

similar to that shown in Figure 12A. The velocity from a current meter can only be measured for 567 

the duration contained by the two vertical dotted lines. A short portion of the velocity record 568 

during uprush is lost due to depth and sensor disturbance issues (Figure 12B). A much longer 569 

portion of the velocity record is lost during backwash due to the shallow depths. The lack of data 570 

during this time makes identifying the overall importance of sheet flow sediment transport 571 

difficult. Figure 10I showed an increase in the Qratio during backwash when sheet flow dominates 572 

but the ratio decreases at the end of the measurement portion. The decrease is likely due to 573 

weaker velocity measurements as the current meter begins to emerge. But as the depth continues 574 

to decrease, the importance of sheet flow transport may increase even though the velocity is 575 

expected to decrease (Figure 12C). At some time during backwash flow the depth will reach a 576 

point where there may be sheet flow transport only. Comparing sheet flow to suspended 577 

sediment transport during these instances is not possible, and indeed transport during these 578 

instances has yet to be measured but visible observation suggests the transport during this time is 579 

still significant. 580 

6.3 Sediment Transport 581 

Energetics sediment transport formulations have been used in the swash zone for many studies 582 

(e.g. Butt et al., 2005; Hughes et al., 1997; Masselink et al., 2005; Puleo et al., 2000). The 583 
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general consensus is that the simple formulations are not adequate for predicting swash zone 584 

sediment transport. Model modifications have been made in an effort to enhance the predictive 585 

capability (Butt et al., 2001; Butt et al., 2004; Puleo et al., 2003b) but the predictive skill was 586 

still limited. The results shown here are somewhat similar to past studies but indicate there is 587 

only moderate at best model skill using the simple approach. This is evident from the wide range 588 

of k values (Table 3). Many past field efforts used a coarse representation of the velocity and/or 589 

sediment concentration profile and none had detailed measurements of the sheet load transport. 590 

Those coarse measurements may be somewhat responsible for the poor to moderate predictive 591 

skill of the energetics approach when applied to swash-zone field data. It is not clear if this is the 592 

case here because even the level of detail in this study is not adequate to fully indicate model 593 

skill throughout an entire swash event.  594 

 595 

6.4 Sensitivity of Transport Estimates 596 

Sediment transport results were presented using ensemble averaging approaches and through 597 

depth integration. While each event used in a particular ensemble average is similar, they are not 598 

identical. Variability is presented for the sediment transport rates (Figure 13) as that is the most 599 

straightforward for graphical presentation and generally the quantity of interest with respect to 600 

sediment transport studies. The range provided as the depth-integrated ensemble average ± the 601 

standard deviation is roughly the same for sheet flow and suspended sediment transport (Figure 602 

13A,D,G) except during the largest uprush transport. There, the suspended load transport 603 

estimate can vary up to almost 50 % for some tests. Sediment transport in the sheet flow layer 604 

had less variability except for test A4 (Figure 13D) during the backwash.  605 
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The variability presented relies solely on the ensemble averaging assuming the individual 606 

measurements are without error. There are numerous factors that can introduce errors into the 607 

measurements including the sensors themselves. Variability in the sheet flow thickness would 608 

alter the region over which that transport type is calculated.  However, the original work with the 609 

CCP sensor showed the sheet flow thickness estimates using either the shape of the concentration 610 

profile (Lanckriet et al., 2014; O'Donoghue and Wright, 2004) or a concentration cutoff 611 

indicative of a loose packed bed (Bagnold, 1966a) are similar.  Optical backscatter sensors also 612 

have the potential for introducing error. OBS calibration can be problematic especially for coarse 613 

grains that are difficult to suspend homogeneously. Calibrations are performed using sediment 614 

collected from the bed below the sensor (unless pump samples are taken). However, the 615 

distribution of the material in suspension during data collection versus that composing the bed 616 

material is almost certainly different. These differences will manifest in the calibration in an 617 

unknown manner.  Bubbles have also been shown to artificially increase the OBS measurement 618 

by up to 25 % (Puleo et al., 2006).  If the OBS values during uprush were in error by that 619 

percentage then the difference between the estimated suspended and sheet flow sediment 620 

transport rates would decrease but not enough for sheet flow transport to become dominant in 621 

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

 623 

The method used to estimate sediment transport can also induce error in the calculation. Sheet 624 

load transport was estimated assuming a linear extrapolation of the velocity profile through the 625 

sheet layer. Previous studies have shown that the velocity profile may vary with an exponent of 626 

0.5 or 0.75 (Sumer et al., 1996; Wang and Yu, 2007). Sheet load transport increases in general 627 

and for some portions of the cycle by over 60 % when the velocity profile in the sheet flow layer 628 
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is recalculated using an exponent of 0.5 (Figure 13B,E,H). The range on the sheet load transport 629 

estimates also increases.   630 

 631 

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

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

potentially introducing additional unknown error): a) assume the flow and concentration are 634 

vertically uniform above the highest submerged OBS, b) linearly extrapolate the concentration 635 

above the highest submerged OBS using the sediment concentration gradient from the two 636 

highest submerged OBS, c) linearly extrapolate the sediment concentration from the highest 637 

submerged OBS to zero at the free surface or d) try to fit the concentration and velocity  profiles 638 

to some theoretical formulation and extend those profiles to the free surface, among many other 639 

options. The depths in the swash zone during this study rarely exceeded 0.2 m and the velocity 640 

profiles (Figure 7) become more uniform above the lower 0.05 m of the water column so the 641 

assumption of uniform velocity above the highest submerged OBS is adopted. Sediment 642 

concentrations above the highest submerged OBS are estimated using a hybrid approach.  The 643 

concentration gradient is used for extrapolation.  However, if the concentration at the free surface 644 

would become negative or larger than the concentration at the highest submerged OBS it is 645 

forced to 0 kg m-3. The latter case could occur if, for example, the concentration was larger at 646 

OBS 4 than at OBS 3 causing an increasing concentration with elevation.   647 

Extending the transport estimates to the free surface using any approach will enhance the 648 

importance of suspended load transport, mostly during uprush due to increased water depths. The 649 

additional calculations described confirm this supposition (Figure 13C,F,I). Increases in 650 
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suspended sediment transport are most evident for tests A2 and A6 with the maximum sediment 651 

transport rate increasing by up to ~110 % for test A6 (Figure 13I).  It is noted that the maximum 652 

water depths during test A6 were nearly double the maximum water depths for the other two 653 

cases and that is a primary factor in the large change in the sediment transport rate estimate.   654 

7. Conclusion 655 

A large-scale laboratory experiment was conducted on a coarse sand beach to determine the 656 

relative importance of sheet flow compared to suspended sediment transport. Despite challenges 657 

in the spatial and temporal sampling, the observations provide strong evidence for the following 658 

findings.  659 

1) Sheet flow sediment flux profiles are generally larger in maximum magnitude than the 660 

corresponding suspended sediment flux profiles regardless of swash phase. 661 

2) Depth integration of the flux profiles indicate that suspended sediment transport dominates 662 

during uprush whereas sheet load transport is of similar magnitude during backwash for the 8 s 663 

waves with a 1:8.7 slope and dominates during backwash for the 12.2 s waves with a 1:6.5 664 

slope. 665 

3) The limited vertical range over which the sheet load transport occurs relative to the 666 

suspended load transport is a controlling factor in determining which transport mode 667 

dominates. 668 

4) Even for “highly” resolved data, spatial interpolation is required to fill in data gaps when 669 

velocity profiles are noisy.  670 

5) Temporal data gaps are a major limitation in quantifying the importance of the transport 671 

modes through an entire swash event where much of the backwash is artificially truncated due 672 
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to lack of velocity measurements from an elevated current meter. These data gaps must be 673 

circumvented using remote sensing or other miniature sensors in future swash zone 674 

experiments. 675 

6) Additional calculations were undertaken in an effort to account for the sediment transport that 676 

was missing due to data gaps or due to estimates of the sheet flow velocity profiles. The 677 

general findings are not altered except that the uprush dominance by suspended load increases 678 

if sediment transport is extrapolated to the free surface and sheet flow becomes more important 679 

if the velocity profile extending into the sheet layer decays as a quadratic function rather than 680 

linear.   681 
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 821 

 822 

Figure 1. The initial planar beach profile and those collected following each monochromatic test 823 

case. The vertical dotted line indicates the cross-shore location of the sensors used in this paper. 824 
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 826 
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 828 

Figure 2. A) Photo showing sensors used in this paper. Two Vectrino II profiling velocimeters 829 

(VECs; 1), two conductivity concentration profilers (CCPs; not visible) below the VECs, two 830 

Valeport electromagnetic current meters (EMCMs; 2), one Druck pressure transducer (PT) 831 

buried below the EMCMs, four Campbell Scientific optical backscatter sensors (OBS; 3). B) 832 
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Photo of the CCP showing the measurement section and the electronics housing. C) Close-up 833 

photo of the region denoted by the black box in A. Photo shows one of the CCPs deployed with 834 

only the measuring section exposed to the flow.  835 
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 838 

 839 

Figure 3. Schematic showing velocity and sediment concentration profiles in the lower portion of 840 

the water column and the expected sensor coverage. 841 
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 844 

Figure 4. Example data from test A2. A) Water depth. B) Cross-shore velocity from the 2 845 

EMCMs. Black dots indicate the sensor higher in the water column and gray dots indicate the 846 

sensor lower in the water column. C) OBS data from the 4 sensors.  D) CCP data in the active 847 

sheet layer.  The color scale for C and D is in kg m-3 and the elevation is relative to the bed level 848 

at the beginning of the run.  The black and magenta curves identify the bottom and top of the 849 
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sheet flow layer respectively. 850 

 851 

Figure 5. Example data from test A4. Description as per Figure 4.  852 

 853 

 854 
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 855 

Figure 6. Example data from test A6. Description as per Figure 4. 856 
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 857 

Figure 7. Example VEC data from test A2. A) Time series showing 3 swash events with colors 858 

indicating velocities from different elevations in the water column (magenta: ~0.002 m, blue: 859 

~0.022 m, red: ~0.032 m, cyan: ~0.052 m). Corresponding EMCM velocities at ~0.06 (gray) and 860 

~0.09 m (black) are plotted behind VEC data. B) Velocity profiles corresponding to the times 861 

indicated by the vertical lines in A. Dashed lines and open circles correspond to uprush while 862 

solid lines and filled circles correspond to backwash.  863 
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 865 

Figure 8. Example sediment fluxes from test A2. A) Water depth. B) Suspended sediment flux 866 

time series from several elevations in the water column (Thick dark grey: ~0.005 m, light grey: 867 

~0.015 m; thick black: ~0.025 m; black: ~0.035 m). C) Sheet flow sediment flux time series 868 

from several elevations above the bed (Thick dark grey: ~0.002 m, light grey: ~0.004 m; thick 869 

black: ~0.006 m). D) Suspended sediment flux profiles corresponding to the times indicated by 870 

the vertical lines in C. E) Sheet flow sediment flux profiles corresponding to the times indicated 871 

by the vertical lines in C. For D,E dash-dot lines correspond to uprush and solid lines correspond 872 

to backwash.  873 
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 875 

Figure 9. Example sediment transport rates for test A2. A) Water depth. B) Sediment transport 876 

rates for suspended load (black) and sheet load (grey). C) Qratio relating sheet load transport to 877 

suspended load transport. Black (grey) symbols indicate suspended (sheet) load dominance. The 878 

dashed horizontal line at a Qratio of 1 is where the transport modes are equivalent. 879 
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Figure 10. Ensemble average events for test A2 (left column; 6 events), A4 (middle column; 8 883 

events) and A6 (right column; 12 events). A,B,C) Suspended sediment flux. D,E,F) Sheet flow 884 

sediment flux. Note the difference in color scale for test A6. G,H,I) Suspended (black) and sheet 885 

load (grey) transport. J,K,L) Qratio as described in Figure 9. 886 
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 889 

 890 

Figure 11. A) Shear stress magnitude estimates from ensemble average velocity profiles. B) 891 

sediment load transport estimate from eq. (9) setting k equal to unity. C) Suspended load 892 

sediment transport compared to the transport load estimate. D) Sheet load sediment transport 893 

compared to the transport load estimate. For C and D, solid lines are least squares regression fits 894 

between model and data and are calculated for uprush and backwash individually. Note that in D 895 

test A6, the regressions do not include the points less than -2 kg m-1 s-1 as they do not follow the 896 

trend. 897 
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 899 

Figure 12.  Schematic showing a typical water depth (A) for the 12.2 s monochromatic swash 900 

event.  The cross-shore velocity with positive onshore (B).  Dashed lines indicate expected 901 

velocity history for the thinning flow. The Qratio (C) with suspended load dominance (black) 902 

during uprush and sheet flow dominance during backwash (gray).  Dashed gray curve is the 903 

speculated relationship for the thinning flow. 904 
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 906 

Figure 13. Sensitivity tests for sediment transport estimates. Tests A2, A4 and A6 are in rows 1 907 

(A,B,C), 2 (D,E,F) and 3 (G,H,I) respectively.  Column 1 (A,D,G) contains the original sediment 908 

transport estimates using eqs. (2-5). Column 2 (B,E,H) contains additional sheet flows sediment 909 

transport estimates by altering the sheet flow velocity profile to have a quadratic rather than 910 

linear profile. The suspended sediment transport is unchanged from the original estimate.  911 

Column 3 contains additional suspended sediment transport estimates by extrapolating the 912 

velocity and sediment concentration profiles to the free surface.  The sheet flow sediment 913 

transport is unchanged from the original estimate.  Black (grey) regions denote suspended (sheet 914 

flow) sediment transport rates containing the mean (white solid or dashed curves) ± 1 standard 915 

deviation.  The gray horizontal line represents zero sediment transport. Axis labels for (G) apply 916 

to all axes.  917 
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 918 

Table 1. Monochromatic wave cases used in this study*.  919 

Case number H (m) T (s) hs (m) hl (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; T is the wave period; hs is the sea level; hl is the lagoon level. 920 
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Table 2. Transport ratios and ranges for ensemble average events*. 922 

Case number Qratio (mean ± 

st. dev) 
 

Range 25th – 
75th prctile 

Qratio (mean ± 

st. dev) 
 

Range 25th – 
75th prctile 

A2 (June 12, 2012) 
 

2.34±0.94 1.55-2.80 1.52±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) load dominance. 923 

  924 



56 

 

 925 

 926 

Table 3. Regression statistics (r2, k) for the simple sediment transport model. 927 

Case number Uprush 
Qsusp 

Uprush 
Qsheet 

Backwash 
Qsusp 

Backwash 
Qsheet 

 r2 k r2 k r2 k r2 k 

A2 (June 12, 
2012) 
 

0.24 0.79 0.50 0.37 0.66 0.32 0.90 0.36 

A4 (June 14, 
2012) 
 

0.53 0.76 0.88 1.33 0.72 0.31 0.84 0.28 

A6 (June 18, 
2012) 
 

0.72 24.7 0.36 6.20 0.56 0.50 0.91 4.42 
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