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Abstract:

 Results from a series of field experiments, conducted to investigate the influence of infragravity waves (from wave groups), ripple type and location relative to the breaker line on cross-shore suspended sediment flux close to the sea bed in nearshore environments, are presented. The field data were collected from Cable Beach (Broome) and Mullaloo Beach in Western Australia and Chilaw in Sri Lanka. These beaches experience different incident wave, tidal and morphological conditions, with Cable Beach having a 10-m spring tidal range, whilst the other two beaches have tidal ranges <1.0 m. Measurements included simultaneous records of surface elevation, two-dimensional horizontal current velocities and suspended sediment concentrations, together with half-hourly observations of the seabed topography. Although most of the data sets were obtained just outside of the surf zone, a few results from inside of the surf zone were also included. A significant correlation between wave groups and suspended sediment concentration was found at all of the measurement sites, either with or without bed ripples. The direction and magnitude of cross-shore suspended sediment flux varied with location with respect to the breaker line; however, other parameters, such as bed ripples and velocity skewness, could have influenced this result. In Broome, where the measurement location with respect to the breaker line varied with the tidal cycle, the cross-shore sediment flux due to swell waves was shoreward inside and just outside of the surf zone and seaward farther offshore of the breaker line. Further, sediment flux due to swell waves was onshore when the seabed was flat and offshore over post-vortex ripples. Sediment flux due to swell waves was onshore when the normalised velocity skewness towards the shore was high (positive); the flux was offshore when the skewness was lower, but positive, suggesting the influence of other parameters, such as ripples and grain size. The net cross-shore sediment flux was onshore when the Dean number was less than 1.67 and offshore when the Dean number was greater than 1.67. Nevertheless, the Dean number did not account for the influence of ripples or velocity skewness. The cross-shore sediment flux at the infragravity frequency was mainly offshore outside of the surf zone, whereas it varied between onshore and offshore inside of the surf zone.
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1. Introduction

With rising global sea levels and rapidly increasing population densities along coastal stretches, coastal stability has become a major issue for coastal communities and managers. The accurate prediction of sediment transport in nearshore environments is one of the most complex challenges coastal researchers encounter. However, although nearshore sediment transport mainly occurs in the alongshore direction, the cross-shore transport is dominant in determining seasonal shoreline evolution and beach morphology [1,2,3]. Further, it has been noted that longshore transport is predominantly due to the mean motion (mean over several wave periods) [4], whereas a range of mean (tides, undertow and rip currents) and oscillatory components (wind waves, swell, wave groups and infragravity oscillations) drives cross-shore transport [5]. Each of these frequency components uniquely influences the direction and magnitude of cross-shore sediment flux under different conditions [6]. Therefore, an improved understanding of the processes of sediment re-suspension and flux due to the different oscillatory components is essential to predict cross-shore sediment transport and, thus, coastal stability, accurately.

The majority of previous studies revealed that the suspension of sediment, and, hence, the cross-shore sediment flux in nearshore regions, occurred in an event-like manner over timescales ranging from seconds (wind waves, swell) to minutes (wave groups or infragravity waves) [7,8,9,10]. These studies further indicated that suspension events that occurred in infragravity periods were much more pronounced than those at incident frequencies (wind waves, swell) [6,9,10,11,12,13,14]. Here, we define infragravity waves as those waves with periods ranging between 30 and 300 s, and in this paper, they were mainly generated through the presence of wave groups. This enhanced the assumption that wave groups are more capable than individual incident waves of suspending sediment particles from the bed. Vincent et al. [12] proposed that pronounced suspension events under infragravity wave periods were due to changes in ripple geometry during the passage of wave groups. However, higher suspension events at wave group frequencies have also been observed under flat bed conditions [15,16]. Osborne and Greenwood [10] and Hanes and Huntley [9] explained that persistent turbulence, propagated by the larger waves of wave groups, could pump more sediment into the water column. From a series of experiments conducted in a large-scale wave research flume over rippled beds, Villard and Osborne [17] suggested that higher suspension events that occurred at the group frequency following larger waves of the group might be due to the coupling between antecedent vortices created by the larger waves and developing vortices created by the smaller waves, which followed the larger waves.

Observations of cross-shore sediment flux under different conditions and at various locations worldwide have revealed that the direction of cross-shore sediment flux under different frequency components is variable. Huntley and Hanes [9] found that for shoaling waves outside of the breaker zone, the cross-shore sediment flux was directed onshore at the incident wave frequencies (wind waves, swell) and offshore at lower frequencies (wave groups, infragravity waves). The shoreward sediment flux under incident waves as waves shoal was attributed to the increasing velocity skewness in the propagation direction [18,19]. The sediment suspended at infragravity (mainly due to wave groups) frequencies coupled with the offshore phase of the group-bound long wave [20] resulted in a net offshore sediment transport at those frequencies [21,22].

However, other investigators have documented cases where there was offshore flux of sediment at incident frequencies and vice versa for infragravity frequencies [15,23,24]. These deviations were assumed to be due to various factors, such as the presence of ripples [12,15,23,25,26], variation in wave energy (during a storm) [23], varying tide level [15] and grain size [27]. Further, the relative magnitudes and directions of these different frequency components could vary with the location of the measurements with respect to the breaker line [15,19,24,28], as well as the measurement height above the bed [29,30]. The different processes discussed above are those contributing to cross-shore sediment flux due to oscillatory fluid motion, and it should be noted that there are also mean flows that contribute to cross-shore sediment flux, such as undertow, rip currents and tidal currents. However, these processes are outside the scope of this paper.

Some results indicated that cross-shore flux under infragravity frequencies, corresponding to wave groups, was directed offshore outside of the breaker zone and onshore inside of the breaker zone [24]. The mean component of the sediment flux in the surf zone was mainly offshore below the wave trough level, because of the presence of undertow (bed return flow). The mean flow (zero frequency) component, however, was not considered in the present study. Nonetheless, the observations by Aagaard and Greenwood [24] emphasised the complexity involved in sediment transport processes in this highly dynamic region and, thus, the need for a better understanding of the factors influencing the magnitude and direction of cross-shore sediment transport.

This paper describes results obtained through a series of field measurements (water surface elevation, horizontal current velocities and suspended sediment concentration) undertaken in different nearshore environments under various conditions, such as differing tide, grain size, bed geometry and cross-shore location. The aim of the experiments was to investigate the influence of infragravity waves (from wave groups), ripple type and location relative to the breaker line on cross-shore suspended sediment flux close to the sea bed in nearshore environments.



2. Methodology


2.1. Field Sites

Field measurements providing the basis for the present study were undertaken at several locations: Mullaloo Beach, south-western Australia (Figure 1a); Cable Beach, Broome, north-western Australia (Figure 1b); and Ambakandawila Beach, Chilaw, Sri Lanka (Figure 1c). These locations encompass a range of different incident wave conditions, tidal range and beach morphologies.

Figure 1. Location maps of the study sites. (a) Mullaloo Beach, Perth, Western Australia; (b) Cable Beach, Broome, Western Australia; (c) Ambakandawila Beach, Chilaw, Sri Lanka.
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Mullaloo Beach in south-western Australia (Figure 1a) experiences diurnal micro-tidal conditions, with a maximum tidal range of 0.6 m [31]. The incident wave climate changes seasonally and is divided into three regimes: (1) summer sea breezes; (2) winter storms; and (3) swell-dominated periods between sea breezes (i.e., during the morning in summer) and between the passage of frontal systems during winter [32,33]. The latter regime is also dominated by the presence of wave groups and was the focus of this paper.

Cable Beach, in Broome, north-western Australia (Figure 1b), experiences a macro-tidal regime with a maximum spring tidal range of 9.8 m [34]. It is generally subject to low to medium energy swell conditions, with significant wave heights of 0.5–1.5 m [34].

Ambakandawila Beach, located to the south of Chilaw, on the west coast of Sri Lanka (Figure 1c), experiences similar conditions to those of south-western Australia [35], but with a semi-diurnal tidal regime. The wave climate here could also be divided into three regimes, similar to those of south-western Australia. This site was chosen to compare with south-western Australia, which has a similar tidal range, but experiences a semi-diurnal tidal regime.

The measurements were conducted over different years: April (autumn), 1993, Mullaloo; January (summer), 1996, Chilaw; and August (winter), 1997, Broome. Details and the characteristics of these three beaches are listed on Table 1. At all locations, the measurements were undertaken at long, straight, exposed beaches, where there was the absence of nearshore reefs, islands or offshore/coastal structures in the vicinity, allowing for waves to be incident on the beach under only shoaling conditions. The field measurements reported here were obtained mainly during incident swell waves with peak wave periods of 14.2 s, 14.8 s and 14.9 s for Chilaw, Broome and Mullaloo, respectively. At the time of the measurements presented here, all of the beaches had a plane form and were not barred. The beach profiles, obtained during the measurements, at the different locations are presented in Figure 2. At Mullaloo and Chilaw, the conditions could be classified as reflective, since the beaches were relatively steep and the waves were seen breaking almost on the beach face, with a narrow surf zone. In contrast, Broome was dissipative, with a mild slope and wider surf zone. Surging breakers were observed at Mullaloo and Chilaw, whereas in Broome, the breaker type was spilling. The selected sites comprised a range of grain sizes: Mullaloo had medium to coarse sand with a median grain size (d50) of 0.28 mm; at Chilaw, the median grain size was 0.15 mm; and in Broome, the grains were fine with a median grain size of 0.11 mm. At the sites, the grain size showed little variation in the cross-shore direction.

Figure 2. Cross-shore beach profiles. (a) Mullaloo Beach, Perth, Western Australia; (b) Cable Beach, Broome, Western Australia; (c) Ambakandawila Beach, Chilaw, Sri Lanka. In the Figure, HW, MWL and LW correspond to High Water, Mean Water Level and Low Water, respectively in terms of the tidal water levels.
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Table 1. Characteristics of the field locations used in this study.








	
	Mullaloo Beach, Perth, Western Australia
	Cable Beach, Broome, Western Australia
	Ambakandawila Beach, Chilaw Sri Lanka





	Date of experiment
	April (autumn), 1993
	August (winter), 1997
	January (summer), 1996



	Mean tidal range
	0.6 m
	9.8 m
	0.8 m



	Mean wave height
	0.5–1.5 m
	0.5–1.5 m
	0.5–1.5 m



	Peak Period
	14.9 s
	14.8 s
	14.2 s



	Breaker type
	Surging
	Spilling
	Surging



	Beach morphology
	Reflective, non-barred
	Dissipative, non-barred
	Reflective, non-barred



	Grain size (d50)
	0.28 mm
	0.15 mm
	0.11 mm



	Measurement locations
	Close to breaker zone
	Inside and outside of the breaker zone depending on tidal state
	Inside and outside of the breaker zone; instrument location changed during measurement period



	Data collection rate
	5 Hz
	5 Hz
	2 Hz














2.2. Field Data Collection

At each site, the water surface elevation, two-dimensional horizontal current velocities and suspended sand concentration data were collected with the S-probe—An instrument station developed at the University of Western Australia [1,32]. The S-probe comprised a Paroscientific Digiquartz pressure sensor and a Neil Brown ACM2 acoustic current meter, together with three D & A Instrument Company optical backscatter turbidity sensors (OBS-3 model). The pressure sensor was located 0.35 m above the seabed. The current meter recorded the two-dimensional horizontal velocity (0.20 m), and the OBS sensors recorded the sediment concentration 0.050, 0.125 and 0.275 m above the seabed). However, only the data from the OBS at 0.05 m were used in this paper (due to the continuous data available at that height at all of the locations), and hence, the sediment flux discussed refers to the flux close to the seabed.

The cross-shore current velocity was measured at one vertical point (0.20 m), as it is widely considered that the velocities under oscillatory flow in shallow water remain constant over the depth, except within the narrow bottom boundary layer [6,24,36].

The sampling frequency used at Chilaw was 2 Hz; at Mullaloo and Broome it was 5 Hz. At Mullaloo, the measurements were conducted just offshore of the breaker zone (defined visually by where the waves were breaking), where the presence of wave groups could be observed with larger waves breaking offshore of the instrument. At Chilaw, the instrument station was moved back and forth around the observed breaker line, with measurements obtained inside and outside of the breaker zone. In Broome, where the tidal range was high, the instrument station location varied with respect to the breaker line following the tidal movement. All of the measurements from Broome presented in this paper were conducted around high tide (morning and early afternoon) before the onset of the sea breeze. In Broome, the bed forming near the instrument station was also visually observed at half-hourly intervals using a snorkel and mask (see also [34]).

The majority of measurements were conducted during calm wind conditions (usually in the morning before the onset of the sea breeze), because the waves were swell-dominated, which was ideal for pronounced wave groups.

Seabed profiles were surveyed using a total station, and sediment samples, collected from the field sites, were used to determine the median grain size and to calibrate the OBSs. The OBSs were calibrated following the method explained in Ludwig and Hanes [37]. Additional details of the field measurements can be found in [32,34,35].



2.3. Data Analysis Techniques

All of the time series records, comprising surface elevation, cross-shore current velocity and suspended sediment concentration, were subjected to power and co-spectral analysis through digital Fourier transforms [38]. Each data record was divided into a series comprising of 8192 data points (~27 and ~68 min at 5 and 2 Hz, respectively), and then, each set was divided into 16 equal segments for the segment average method [38]. The number of degrees of freedom used was 32. Shorter data sets were used, especially for Broome, to avoid the influence of the tidal cycle. The 95% confidence interval calculated for all of the spectra presented in this paper indicated that the upper and lower confidence limits were 1.75- and 0.65-times the spectral estimates, respectively. The 95% confidence interval in the phase spectrum at the major frequency components were calculated using the coherence estimates [39] to determine the statistical significance of the major co-spectral peaks [15,24].

Time series records of the wave groupiness envelope, cross-shore current velocity and suspended sediment concentration were compared to investigate the effect of wave groupiness on sediment re-suspension. The modulus of the cross-shore current record was low-pass-filtered at 0.02 Hz to compute the groupiness envelope [40].



2.4. The Dean Number

The Dean number [41], being the ratio of a particle settling time to the wave period, can be used to predict the direction of the cross-shelf sediment flux. Here, it is considered that sediment is suspended in the water through the passage of a wave. If the sediment has a relatively higher fall velocity, then it would settle onto the sea bed on the onshore movement of the wave cycle, resulting in net onshore transport. In contrast, if the settling velocity is relatively low, it would settle onto the seabed on the offshore movement of the wave cycle, resulting in net offshore transport. The Dean number (D) is given by:
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(1)




where Hs is the significant wave height, ws is the particle settling velocity, Tp is the peak period obtained from the spectrum of cross-shore current velocity and β is a constant (≈0.3). Dean and Dalrymple [42] showed that the suspended sediment transport was onshore when:
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(2)




suggesting that the sediment flux should be onshore when D < 1.67 and offshore when D > 1.67.



3. Results

Section 3.1 presents the relationship between suspended sediment concentration and wave groups. An analysis of cross-shore suspended sediment flux in the frequency domain is presented in Section 3.2. The cross-shore sediment flux results for shoaling, non-breaking waves over a flat bed are included in Section 3.2.1. Section 3.2.2 shows the temporal variability of cross-shore suspended sediment flux with the tidal cycle, and Section 3.2.3 compares the cross-shore sediment flux results obtained under breaking and broken waves. Finally, the results of the variation between the Dean number and the net cross-shore suspended sediment flux are presented in Section 3.2.4.


3.1. Sediment Resuspension

The time series records of the cross-shore current velocity (u) at 0.20 m and of the suspended sediment concentration (c) at 0.05 m from the bed obtained from Mullaloo Beach showed a strong correlation between the passing of wave groups and pronounced suspension events (Figure 3).

Figure 3. Time series of (a) cross-shore current velocity u (z = 0.25 m; solid line) and the envelope function of u (thick, dashed lines); and (b) suspended sediment concentration c (z = 0.05 m; solid line) and low-pass-filtered c (thick, dashed line) (just outside of the breaker line, over a flat bed, Mullaloo Beach, Western Australia).
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Similar time series records obtained around high tide in swell-dominated conditions in Broome showed the same pattern: higher suspension events occurred as wave groups passed (Figure 4). The instrument station was ~110 m offshore of the moving breaker line; the seabed was covered with two-dimensional permanent post-vortex ripples with ripple heights of about 0.005 m and a spacing of 0.06–0.08 m. This trend of higher suspension events coinciding with passing wave groups was observed at all sites (data not shown) whenever pronounced wave groups were present, either in the presence or absence of ripples.

Figure 4. Time series of (a) cross-shore current velocity u (z = 0.25 m; solid line) and the envelope function of u (thick, dashed lines); and (b) suspended sediment concentration c (z = 0.05 m; solid line) and low-pass-filtered c (thick, dashed line) (shoaling waves over two-dimensional permanent post-vortex ripples, Cable Beach, Broome, Western Australia).
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A similar result is also observed at Ambakandawila between the passing of wave groups and pronounced suspension events (Figure 5).

Figure 5. Time series of (a) cross-shore current velocity u (z = 0.25 m; solid line) and the envelope function of u (thick, dashed lines); and (b) suspended sediment concentration c (z = 0.05 m; solid line) and low-pass-filtered c (thick, dashed line) (just outside of the breaker line, over a flat bed, Ambakandawila Beach, Chilaw, Sri Lanka.
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3.2. Cross-Shore Sediment Flux


3.2.1. Shoaling, Non-Breaking Waves over a Flat Bed

Spectral analyses were undertaken to quantify the cross-shore sediment flux due to different frequency components. The results obtained for the cross-shore current velocity (u) and suspended sediment concentration (c) data records from Mullaloo Beach, presented in Figure 3, are shown in Figure 6. The instrument station was placed just outside of the breaker zone, where the seabed was flat. The mean water depth (h) was 1.14 m, with a significant wave height (Hs) of 0.97 m leading to a high Hs/h of 0.85.

Figure 6. The results of spectral analysis between u and c. (a) Auto-spectrum of u; (b) auto-spectrum of c; (c) c-u co-spectrum in (gL−1) (ms−1) Hz−1; (d) c-u phase spectrum; (e) c-u cross spectrum; (f) c-u coherence spectrum (just outside of the breaker line, over a flat bed, Mullaloo Beach, Western Australia).
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The auto-spectra of the cross-shore current (u) and suspended sediment concentration (c) (Figure 6a,b) were used to identify the dominant frequencies. The dominant peak for u was approximately 0.075 Hz, which corresponded to swell (~13 s). A secondary peak of about 0.15 Hz (~7 s) was due to the first harmonic of the swell waves; a minor peak was observed at the infragravity frequency of around 0.01 Hz (Figure 6a). The c spectrum, however, showed a low, secondary peak at the swell frequency (~0.075 Hz) and a distinct dominant peak at the infragravity frequency of 0.01 Hz (100 s), which corresponded to wave groups, indicating more sediment was stirred at infragravity frequencies.

The co-spectrum between the time series of u and c (suspended sediment flux in the frequency domain) (Figure 6c) showed the original finding for shoaling waves outside of the breaker zone [6]: the cross-shore sediment flux was onshore at high frequencies (swell waves) and offshore at infragravity frequencies. A minor onshore component was observed at the first harmonic of the swell waves. The same pattern was observed in most of the measurements when the instrument station was positioned just outside of the breaker line under shoaling waves over a flat bed.



The phase lag between u and c (Figure 6d) was a direct indicator of the direction of cross-shore sediment flux. Flux was onshore if the phase lag was between ±90° and offshore if the phase lag is outside ±90°. At the swell and the first harmonic of the swell frequency band, the phase lag was less than 90°, leading to onshore flux, whereas at infragravity frequencies, the phase lag was greater than 90°, resulting in offshore flux. The phase spectrum at the major frequency components (Figure 6d) showed that the magnitude and direction of the co-spectral peaks at all of the three major frequency components were statistically significant at the 95% level (Figure 6d).

The cross-spectrum between u and c illustrated the gross sediment flux rates in the frequency domain (Figure 6e); strong coherence between u and c was observed at swell and infragravity frequencies, as well as the first harmonic of the swell waves (Figure 6f).



3.2.2. Temporal Variability: Tidal Cycle

At Cable Beach (Broome), data collection began during the flood tide (at around 09:40, local time) with the instrument station positioned inside of the surf zone and was completed before the onset of the sea breeze (at around 14:00), when the instrument station was again inside of the surf zone during the ebb tide. The breaker line migrated past the instrument station during the flood tide (at around 10:05) and back again during the ebb tide (at around 13:30). The spectral analysis was conducted for nine time series records of 8192 data points, covering different flow and bed conditions. The positioning of the instrument station with respect to the breaker line for each data set is presented in Figure 6, which includes details of the prevailing conditions for the flood (Figure 7a) and ebb (Figure 7b) tides.

Figure 7. Schematic diagram of the beach face and the positioning of the instrument station with respect to the varying water level due to the tidal cycle, Cable Beach, Broome, Western Australia. The instrument station was maintained at one place, whilst the water level changed due to the tide. Note the different scales along the y-axis).
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Two ripple types were observed during the measurement period in Broome: ephemeral post-vortex and permanent post-vortex ripples. At around 10:40 local time, after the breaker line had migrated past the instrument station during the rising tide, two-dimensional ephemeral ripples were observed in a mean water depth of about 2.5 m. The ripple lengths (λ) were 0.06–0.08 m, and the ripple heights (η) were a few millimetres. The ripples were called ephemeral, because they were not always present; they were washed away during the larger waves of the wave groups and re-formed by the smaller waves. Two-dimensional permanent post-vortex ripples, with ripple lengths similar to ephemeral ripples and ripple heights of around 0.005 m, were observed between 11:10 and 13:10 local time. Both ripple types were called post-vortex, because the ripple steepness (η/λ) was less than 0.1 [43].

Spectral analysis results for data sets when the instrument station was just outside of the breaker line (h = 1.93 m), farther outside of the breaker line (~110 m, h = 2.72 m) and back inside of the surf zone (h = 0.65 m) are presented in Figure 8a–f, respectively. Cross-shore current velocity (u) peaked at the swell wave frequency throughout the measurement period, with minor peaks at low frequencies and the first harmonic of the swell waves (Figure 8a,c,d). When the instrument station was farther offshore of the moving shoreline, however, the low frequency component disappeared (Figure 8c). The suspended sediment concentration (c) was dominant at infragravity frequencies (Figure 8a,c,d), suggesting that wave groups suspended more sediments than swell waves.

Figure 8. Auto-spectra of u (solid line) and c (dashed line) and co-spectrum between u and c for time series records starting at: (a,b) 10:15 (just outside of the surf zone, over a flat bed, during flood tide; hm = 1.93 m); (c,d) 11:45 (~110 m offshore of the breaker line, over permanent post-vortex ripples; hm = 2.72 m); (e,f) 13:30 (inside of the surf zone, over a flat bed, during ebb tide; hm = 0.65 m); Cable Beach, Broome, Western Australia.
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The suspended sediment flux due to swell waves was onshore just outside of the surf zone (Figure 8b), offshore when the instrument station was farther offshore of the breaker line (Figure 8d) and onshore again inside of the surf zone (Figure 7f). At infragravity frequencies, the sediment flux was offshore, outside of the surf zone (stronger closer to the breaker line) and onshore, inside of the surf zone. The cross-shore sediment flux values were greater during the ebb tide, especially when the instrument station was inside of the surf zone. Masselink and Pattiaratchi [34], with the same data set, showed that the suspended sediment concentration was greater during the ebb tide than during the flood tide; Davidson et al. [15] also observed this in their study. Statistical significance tests based on the 95% confidence interval in the phase spectrum [15] were conducted for each data set, as shown in Figure 5d. The tests revealed that spectral peaks observed at both infragravity and swell frequencies were statistically significant (data not shown).

The net cross-shore suspended sediment flux at the swell frequency band (0.04 Hz < frequency < 0.1 Hz) was estimated and normalised by the total (absolute) cross-shore flux within the same frequency range. These values were obtained from the area under the co-spectrum; the frequency range was chosen using the spectral valleys observed in the corresponding u spectrum. The variation of normalised net cross-shore sediment flux with the mean water depth (tide level) (Figure 9a) is presented in Figure 9b. Net sediment flux due to swell waves was onshore inside and just outside of the surf zone and offshore, farther outside of the surf zone. Moreover, when the seabed was flat, the sediment flux was observed onshore, whereas it reversed to offshore over rippled beds. The net sediment flux was onshore over a rippled bed only for the data set starting at 12:45. At this point, however, the co-spectrum between u and c was bi-directional; the ripples began to wash away with the lowering tide. It should be noted that other surrounding conditions also changed during this time. The ratio of significant wave height to mean water depth (Hs/h) was greater close to the breaker line; net sediment flux due to swell waves was onshore under greater Hs/h and offshore under lower Hs/h (Figure 9c).

Figure 9. Variation of (a) the mean water depth; (b) the normalised net cross-shore suspended sediment flux due to swell waves (ephe. post-vort: ephemeral post vortex; perm. post-vort: permanent post vortex); (c) the normalised velocity skewness (o) and the ratio of significant wave height to water depth (+) with time; Cable Beach, Broome, Western Australia.
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The normalised velocity skewness (<u3>⁄<u2>3⁄2) for the swell frequency band (frequency > 0.04 Hz) was calculated for each data set, as Russell and Huntley [28] explained, and plotted with the varying tide level in Figure 9c (velocity skewness is considered positive in the onshore direction and negative in the offshore direction). The suspended sediment flux at the swell frequency band was onshore when the normalised velocity skewness was high and offshore when the skewness was low but, still positive (Figure 9b,c).



The normalised net cross-shore sediment flux calculated for the infragravity frequency band (<0.03 Hz) was offshore outside of the surf zone and onshore, inside of the surf zone (Figure 10a). The results are similar to those found by Aagaard and Greenwood [24]. The wave groupiness factor was computed according to List [40]; it was greater when the instrument station was farther outside of the breaker zone and relatively less inside of the surf zone, as the group structure was altered during wave breaking [10].

Figure 10. Variation of (a) normalised net suspended sediment flux (+) due to infragravity frequency waves; (b) wave groupiness factor (o) with time; Cable Beach, Broome, Western Australia.
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3.2.3. Spatial Variability: Inside and Outside of the Surf Zone

The data obtained from a series of field measurements undertaken at Ambakandawila Beach (Chilaw) (Figure 1c) were analysed to investigate the variation in cross-shore sediment flux in the frequency domain. The measurements at this location (Figure 5) were obtained around the breaker line, where the waves broke almost on the beach face with a narrow surf zone. The breaking waves were surging/plunging, which the calculations of the Iribarren number supported. The seabed remained flat throughout.



Spectral analysis results were obtained for two data sets (just under and 2 m inside of the breaker line), which produced different outcomes (Figure 11). The cross-shore current velocity (u) spectrum showed a dominant peak at the swell frequency band, with small infragravity frequency oscillations in either data set (Figure 11a,b); however, the wave energy reduced during the wave breaking (Figure 11a,b). The suspended sediment concentration (c) showed dominant peaks at infragravity frequencies for both data sets. At the swell frequency band, a distinct peak was observed under the breaking waves (Figure 11c), whereas no distinct peak was observed inside of the breaker line (Figure 11d). Further, the suspended sediment concentration (c spectrum) reduced during the wave breaking (Figure 11c,d). The cross-shore suspended sediment flux under the breaking waves showed a strong onshore component at the swell frequency band and a weaker offshore component at infragravity frequencies (Figure 11e); just after the breaker line, the magnitude of sediment flux reduced, showing a smaller bi-directional component at the swell frequency band and a negligible offshore component at infragravity frequencies (Figure 11f). The net suspended sediment flux at the swell frequency band, however, was offshore.

Figure 11. Results of spectral analysis between u and c (a,c,e) just under the surging/plunging breaker line: (a) u spectrum, (c) c spectrum, (e) c-u co-spectrum; and (b,d,f) 2 m shoreward of the breaker line: (b) u spectrum, (d) c spectrum, (f) c-u co-spectrum; Ambakandawila Beach, Chilaw, Sri Lanka.



[image: Jmse 02 00568 g011 1024]









3.2.4. Variation with the Dean Number

The variation of normalised cross-shore suspended sediment flux due to swell waves with the Dean number [41] is presented in Figure 12. The Dean number (D) indicates that the sediment flux should be onshore when D < 1.67 and offshore when D > 1.67 (Equations (1) and (2)). The results obtained from the present study are in agreement, with the sediment flux being mainly onshore when D < 1.67 and offshore when D > 1.67 (Figure 12). A few points did not agree; however, at these points, the normalised sediment flux was close to zero, where the sediment flux component at the swell band was bi-directional (e.g., Figure 8d).

Figure 12. Variation of normalised net cross-shore suspended sediment flux with the Dean number (βHs/(ws.Tp)).
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4. Discussion

A series of field measurements, covering different hydrodynamic and morphological conditions, was conducted to investigate the factors influencing the magnitude and direction of cross-shore suspended sediment flux, close to the seabed (0.05 m), in nearshore environments.

The results from all of the measurement sites indicated a significant relationship between the wave groups and the suspended sediment concentration. This affirmed the well-established assumption that wave groups are more capable than individual swell waves of stirring sediments and retaining them in suspension [9,10,12]. This phenomenon was observed in the presence and absence of ripples during this study, which suggested that although the presence of ripples could cause higher suspension events [12,17,44], hydrodynamics within the wave groups alone caused the increased suspension events [15,16]. Vincent et al. [12], Osborne and Greenwood [10] and Villard and Osborne [17] also proposed explanations for this phenomenon.

The direction and magnitude of cross-shore sediment flux in the frequency domain appeared to vary at different locations under various conditions. Following are descriptions of the identified features.


4.1. Cross-Shore Location

For most of the measurements obtained just outside of the surf zone over a flat bed, the suspended sediment flux was onshore at swell wave frequencies (swell, wind waves) and offshore at lower frequencies (corresponding to wave groups), which agreed with Huntley and Hanes’s [6] widely accepted finding. Increased velocity skewness towards the wave propagation direction as the waves shoaled might have forced the suspended sediment onshore [18,23]. Further, it has been found that under near-breaking and breaking waves, large fluid accelerations skewed towards shore, suspending more sediments [9,10,16,44]. These coincide with the onshore phase of the cross-shore velocity, causing onshore sediment flux [45]. Moreover, the large waves in the groups suspend more sediment, which, in turn, coincides with the trough of the group-bound long wave [20] moving sediment offshore at infragravity frequencies [21,22].

Inside of the surf zone, similar to shoaling waves just outside, the sediment flux at the swell band was usually towards shore, although the infragravity frequency component varied [24]. This might have been because wave groups were destroyed and then the group-bound long wave was released during the wave breaking [23].

In some cases (e.g., Chilaw), however, the magnitude of the suspended sediment flux just inside of the breaker line reduced (by order of magnitude) relative to the flux just under the breaking waves (Figure 11). The breaker type was surging/plunging. In contrast, in Broome the sediment flux increased inside of the breaker zone, where spilling breakers were evident. The strong sediment flux just under the breaker line (Figure 11e) might have been due to turbulence vortices generated by wave breakers; these vortices might not have reached 2 m inside of the plunge point. The increased uniformity in the suspended sediment concentration after the wave breaking, as the wave structure was destroyed, because of surging/plunging, might have caused the bi-directionality in the co-spectrum [23].

In Broome, where the large tidal range caused the instrument station position to move with respect to the moving breaker line, the direction and magnitude of cross-shore suspended sediment flux varied. When the instrument station was inside and just outside of the surf zone, with a flat bed, the suspended sediment flux due to swell waves was onshore, as was observed throughout the study. Conversely, when the instrument station was farther offshore, the suspended sediment flux was predominantly offshore (Figure 9b). However, other factors, such as bed forms and velocity skewness, which also changed along with the location with respect to the moving breaker line, could well have influenced the suspended sediment flux.



4.2. Bed Ripples

In Broome, the seabed configuration changed with the varying tide level. The seabed was flat when the instrument station was inside and just outside of the surf zone during the rising tide. Ephemeral post-vortex and permanent post-vortex ripples were present, while the instrument station was farther offshore of the breaker line (around high tide). The seabed was flat again when the instrument station was back in the surf zone during the ebb tide (Figure 9b). The suspended sediment flux due to swell waves followed this pattern; it was onshore when the seabed was flat and predominantly offshore when the bed was rippled (Figure 9b).

Inman and Bowen [46] first proposed an explanation for sediment moving against the direction of wave propagation over a rippled bed: when a skewed wave propagates over vortex ripples, during the relatively strong onshore phase, a vortex is formed on the leeside of the ripple and remains trapped until the flow reverses; during the weaker offshore phase, the vortex shoots up into the water column, carrying a cloud of sediment. Simultaneously, the offshore phase moves this sediment cloud back. This breakdown was explained for vortex ripples, whereas the ripples observed during this study were clearly post-vortex (steepness less than 0.1) [43].

The offshore sediment flux due to swell waves over less steep post-vortex ripples, however, has been observed in the past [23,27,47]. Davidson et al. [15] also observed offshore flux at the swell band over ripples, but the ripple geometry was not measured, so it was uncertain whether the ripples were vortex or post-vortex.

No clear difference in the direction of suspended sediment flux due to swell waves could be identified between ephemeral post-vortex and permanent post-vortex ripples, as the sediment flux was predominantly offshore over both types.



4.3. Velocity Skewness (<u3>/<u2>3/2)

As the location of measurement location changed with the rising/falling tide, the normalised velocity skewness due to the incident swell waves also changed (Figure 9c). The normalised net sediment flux was onshore when the velocity skewness was high, whereas offshore flux was observed under lower skewness values, although the skewness had been positive throughout. Russell and Huntley [28] predicted onshore transport associated with swell wave skewness under high energy conditions both inside and outside of the surf zone where the seabed was flat. Increased velocity skewness in the wave propagation direction as waves shoal could force the suspended sediment onshore [18,23]. Russell and Huntley [28] further suggested that under low energy conditions (e.g., in the presence of ripples), the velocity skewness might not predict the direction of cross-shore sediment transport. The results of the present study agreed with this, as offshore sediment flux was observed under low energy conditions in the presence of ripples when the velocity skewness was still positive (Figure 9b,c).



4.4. Dean Number (D)

The variation in the direction of cross-shore suspended sediment flux due to swell waves with the Dean number agreed with Dean and Dalrymple’s [44] explanation: it was onshore when D < 1.67 and offshore when D > 1.67 (Figure 12). This was remarkable, given that Dean and Dalrymple’s explanation did not account for parameters, such as ripples or velocity skewness; it was based on whether the sediment particles, suspended by each wave, would settle before or after the flow reversed and, hence, transport onshore or offshore. However, it should be noted that this finding is based on measurements undertaken on the swell (and wave group)-dominated beaches presented here.

Further investigations of the changes in the above-discussed parameters would enable a better understanding of cross-shore suspended sediment transport in nearshore environments. A detailed study of the direction and magnitude of cross-shore suspended sediment flux over different ripple types would be particularly useful. A numerical model that accommodates all of these factors could be an excellent tool to investigate the influence of these factors independently (see, for example, [48]).




5. Conclusions

A series of field measurements of hydrodynamics and sediment suspension, together with bed topography, was collected at several nearshore locations to investigate the influence of infragravity waves, ripple type and location relative to the breaker line on cross-shore suspended sediment flux close to the bed. The following features were identified:


	(a)

	A significant correlation between wave groups and suspended sediment concentration was observed at all of the measurement sites, confirming the well-established assumption that wave groups are more capable than incident swell waves of equal amplitude of suspending sediments. This correlation was observed in the presence and absence of ripples.



	(b)

	The direction and magnitude of suspended sediment flux varied depending on the measurement location with respect to the breaker line; however, other parameters, such as bed ripples and velocity skewness, could have influenced this.



	(c)

	At infragravity frequencies, the suspended sediment flux was mainly offshore outside of the surf zone (due to the combined action of wave groups and the group-bound long wave), while it varied inside of the surf zone. The wave groupiness factor was greater farther offshore of the surf zone and was relatively low inside of the surf zone.



	(d)

	The direction and magnitude of the suspended sediment flux inside of the breaker line changed with the breaker type.



	(e)

	Offshore suspended sediment flux due to swell waves was observed over less steep post-vortex ripples.



	(f)

	At the swell frequency band, onshore sediment flux was observed when the normalised velocity skewness was high; offshore flux was observed when the skewness was lower, but still positive, suggesting the influence of other parameters, such as ripples and grain size [28].



	(g)

	Suspended sediment flux due to swell waves was predominantly onshore when the Dean number was less than 1.67 and offshore when the Dean number was greater than 1.67. This agreed with Dean and Dalrymple’s [44] simple hypothesis, although it did not account for the influence of bed ripples or wave asymmetry.
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