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ABSTRACT 40 

 41 

Wave-induced sediment resuspension in nearshore regions has been observed occurring in an 42 

event-like manner and associated with the passage of wave groups.  This paper describes field 43 

measurements of turbulent velocities obtained simultaneously with suspended sediment 44 

concentration and water surface elevation from Floreat Beach, Perth, Western Australia.  The data 45 

were used to study the relationship between turbulent kinetic energy (TKE) on suspension events 46 

caused by wave groups and the intermittent nature of bottom turbulence production and sediment 47 

suspension.  The field measurements showed the high TKE events occurred under wave crests, and 48 

sometimes under wave toughs, when the wave heights were increasing during the passage of a 49 

wave group; the TKE decreased after the maximum wave in the wave group had passed over the 50 

measurement location.  High suspended sediment concentrations (ssc) and the intermittent high 51 

TKE events were not related rather the higher ssc events were associated with a secondary peak in 52 

the surface elevation, close to the maxima in the offshore velocity, and “burst” events in the 53 

Reynolds stress. 54 
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1.  INTRODUCTION 55 

 56 

Sediment resuspension due to shoaling waves in shallow water has been observed occurring in an 57 

event-like manner, corresponding to timescales ranging from seconds (e.g. swell, wind waves) to 58 

minutes (e.g. wave groups, infragravity waves) (Brenninkmeyer, 1976; Sternberg et al., 1984; 59 

Hanes and Huntley, 1986; Osborne and Greenwood, 1993).  Sediment suspension events 60 

corresponding to wave groups were also higher than at the incident wave frequency band (Clarke 61 

et al., 1982; Hanes and Huntley, 1986; Huntley and Hanes, 1987; Hanes, 1991; Vincent et al., 62 

1991; Osborne and Greenwood, 1993; Williams et al., 2002). 63 

 64 

Several explanations for the higher suspension events observed under wave groups have been 65 

proposed: (1) Vincent et al. (1991) attributed this phenomenon to the change in bedforms 66 

responding to the variability in the wave conditions.  Here, steeper ripples present on the seabed 67 

when the wave group’s smaller waves pass become less steep when the group’s larger waves pass.  68 

Due to the lag in changing ripple geometry to the wave forcing, the wave groups’ larger waves 69 

would encounter steeper than expected ripples and hence cause higher suspension events, which 70 

sand-laden vortices formed in the leeside of the ripples would enhance (Vincent et al., 1991); (2) 71 

Villard et al. (1999, 2000) and Villard and Osborne (2002) suggested the effect of antecedent 72 

waves could lead to coupling between antecedent and developing vortices above a rippled bed and 73 

hence cause higher suspension events.  They noticed these suspension events were more 74 

pronounced when smaller waves followed larger waves.  Villard et al. (1999, 2000) explained that 75 

uniform waves caused vortices, which cancelled each other out, but when the wave height 76 

decreased, the crest-generated vortices were stronger than those of the following trough; this 77 

slowed the crest-induced decay in vortex, retaining the sediment in suspension.  These results were 78 

confirmed by Vincent and Hanes (2002); (3) Hanes and Huntley (1986) and Osborne and 79 

Greenwood (1993) related the higher suspension events due to wave groups to the persistence of 80 

turbulence which resulted in suspended sediments higher in the water column.  They suggested 81 

turbulence generated at the seabed by the wave groups’ larger waves lasted longer and caused 82 

higher suspension events; however, they did not measure the flow’s turbulence characteristics; (4) 83 

Hay and Bowen (1994a) suggested higher suspension events observed at the wave group frequency 84 

could be the result of more than one action; that is, several mechanisms could be operating at the 85 
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same time.  They proposed vortex shedding from mega ripples enhanced interaction with the 86 

seabed during the larger waves of the wave groups, perhaps via the group-bound long wave or 87 

coherent structures in combined flow turbulence; (5) Hay and Bowen (1994b) suggested bedforms, 88 

surface-injected vortices, and the sensor support structures as possible causes for the pumping of 89 

sediments into the water column observed at the wave group frequency.  Hay and Bowen (1994a) 90 

suggested, however, that keeping the sensors 5–10 diameters from the nearest support would 91 

minimise the supporting structure’s influence. 92 

 93 

Higher suspension events coinciding with the passing of wave groups have been observed in the 94 

presence (Vincent et al., 1991; Osborne and Greenwood, 1993) and absence of ripples (Hay and 95 

Bowen, 1994a; Kularatne and Pattiaratchi, in review).  Although the turbulence produced during 96 

the passing of wave groups likely causes the higher suspension events, field (or numerical) studies 97 

examining the effect of turbulence on higher suspension events observed under wave groups have 98 

not appeared in the literature.   99 

 100 

Turbulent bursts 101 

Sediment suspension due to incident waves has been observed with intermittent spikes, which do 102 

not correspond to the wave orbital velocity (Jaffe et al., 1984; Huntley and Hanes, 1987; Hanes, 103 

1988; Smyth and Hay, 2003), suggesting the possible influence of turbulence generated at the 104 

seabed.  Intermittent coherent events of strong turbulence production and vertical transfer inside 105 

the bottom boundary layer have been observed under different flow conditions (Corino and 106 

Brodkey, 1969; Gordon, 1974; Heathershaw, 1974; Clarke et al., 1982; Thorne et al., 1984; Smyth 107 

et al., 2002; Smyth and Hay, 2003; Foster et al., 2006).  The process of coherent turbulent structure 108 

formation is sometimes called the “bursting phenomenon” (Kline et al., 1967; Heathershaw, 1974; 109 

Gordon and Witting, 1977; Cantwell, 1981).  These coherent events of turbulence were studied 110 

based on the Reynolds stress term (-ρu΄w΄) by dividing the motions into quadrants in u΄-w΄ space 111 

(Kline at al., 1967; Heathershaw, 1974), where u΄ is the horizontal component of turbulent velocity 112 

and w’ is the vertical component.  Quadrants were named bursts (u'<0, w'>0), sweeps (u'>0, 113 

w'<0), up-accelerations (u'>0, w'>0), and down-decelerations (u'<0, w'<0). 114 

 115 
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Bursts and sweeps, which contribute to positive Reynolds stress, were stronger than up-116 

accelerations and down-decelerations (Heathershaw, 1974; Soulsby, 1983; Heathershaw and 117 

Thorne, 1985).  Bursts, which consist of low-speed upward momentum transfer, and sweeps, which 118 

consist of high-speed downward momentum transfer, have been observed suspending bed 119 

sediments higher up into the water column (Sutherland, 1967; Jackson, 1976; Sumer and Oguz, 120 

1978; Sumer and Deigaard, 1981). 121 

 122 

All these studies involving the “bursting phenomenon”, however, were conducted with steady 123 

flows or slowly oscillating flow conditions with longer periods (e.g. tides).  Jackson (1976) and 124 

Sleath (1970, 1974a, 1974b) discussed the difficulties involved in examining the “bursting 125 

phenomenon” under wind-generated surface waves.  Under wind-driven surface waves, the mean 126 

values of the flow parameters did not remain sensibly constant during turbulent bursts and the 127 

timescale of the largest turbulent eddies (Jackson, 1976).  Further, high oscillating flows did not 128 

allow enough time to make reasonable measurements, especially of vortex formation and sudden 129 

jets in the laminar boundary layer (Sleath, 1970, 1974a, 1974b).  These observations were made 130 

before modern instruments such as the acoustic/laser Doppler velocimeter (Kos'yan et al., 2003; 131 

Aagaard and Hughes, 2006), hot-film anemometers (Conley and Inman, 1992), and coherent 132 

Doppler profilers (Smyth and Hay, 2003) were developed.  With these instruments, turbulence can 133 

be measured more routinely.  Conley and Inman (1992) conducted high frequency velocity 134 

measurements close to the seabed under near-breaking swell waves to study the development of the 135 

fluid–granular boundary layer over permeable beds of loose sand.  It should be noted, however, 136 

that the authors were not aware of any other studies conducted to examine the “bursting 137 

phenomenon” under swell waves. 138 

   139 

Madsen (1974) reported that divers observed explosion-like events on the seabed.  Hay and Bowen 140 

(1994a) suggested coherent structures in combined flow turbulence as possible causes for higher 141 

suspension events observed at wave group timescales.  Clarke et al. (1982) also suggested bursts of 142 

intense turbulence associated with peak values of wave orbital velocity caused higher suspension 143 

events.  These observations revealed the presence of turbulent bursts at the seabed under swell 144 

waves; therefore it is worthwhile exploring the possible presence of the “bursting phenomenon” 145 

close to the seabed. 146 
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 147 

This paper presents a high frequency (16 Hz) turbulent velocity data set recorded simultaneously 148 

with the water surface elevation, cross-shore current velocity, and suspended sediment 149 

concentration close to the seabed (0.05 m) under shoaling, non-breaking waves.  Swell-dominated 150 

conditions prevailed during the measurement period where pronounced wave groups were present.   151 

 152 

This study’s main aim was to examine the relationship between turbulent kinetic energy and the 153 

increased sediment suspension events occurring under wave groups.  The turbulence measurements 154 

were analysed to examine the intermittent nature of turbulence generation and sediment 155 

suspension.  Finally, an attempt was made to explore the possible signs of the “bursting 156 

phenomenon” under swell waves. 157 

 158 

2.  METHODOLOGY 159 

2.1.  Field site and conditions 160 

Measurements were conducted at Floreat Beach, Perth, Western Australia (Figure 1), on 16 161 

December 2003.  This area experiences diurnal, microtidal conditions with a spring tidal range of 162 

0.6 m.  Further details of the field site are given in Pattiaratchi et al. (1997).  Floreat Beach is a 163 

long, straight, exposed beach, where the nearshore reefs and coastal/offshore structures do not 164 

refract the waves, and there is no offshore bar (Figure 1).  The beach is steep (Figure 2) with 165 

reflective conditions, where the waves break almost on the beach face, leaving a narrow surf zone.  166 

The median grain diameter (d50) at the measurement site was 0.2 mm. 167 

 168 

The instrument station was deployed just outside the breaker line in a mean water depth of 1.2 m 169 

(Figure 2).  The data recording started at around 1000 hrs under swell-dominated conditions (peak 170 

period = 14 s) and was terminated around 1115 hrs with the onset of the sea breeze (the sea breeze 171 

changed the narrow-banded, swell-dominated conditions).  The significant wave height was 0.9 m 172 

with an rms wave height of 0.65 m.  The boundary layer thickness estimated using Nielsen’s 173 

(1992) method was 0.04 m, suggesting turbulent velocity and suspended sediment concentration 174 

were measured close to or within the wave boundary layer. 175 

 176 
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2.2.  Instrumentation 177 

Hydrodynamic and suspended sediment concentration measurements were collected using an array 178 

of instruments mounted on a triangular frame (SW-probe), which was developed at the University 179 

of Western Australia (Masselink and Pattiaratchi, 2001).  The instruments included a Paroscientific 180 

Digiquartz pressure sensor (0.35 m above the bed), a Marsh-McBirney electromagnetic water 181 

current meter (model 512 OEM) (0.20 m above the bed), an optical backscatter turbidity sensor 182 

(OBS-3) (0.05 m above the bed), and a Nortek AS vector acoustic Doppler velocimeter (ADV) 183 

(with the measurement volume 0.05 m above the bed).  The pressure sensor, electromagnetic 184 

current meter, and OBS measured water surface elevation, two-dimensional horizontal current 185 

velocities, and suspended sediment concentration, respectively, at 2 Hz; the ADV measured the 186 

pressure and the three components of velocity at a sampling frequency of 16 Hz.   187 

 188 

2.3.  Data analysis techniques 189 

A data set of 2048 s duration (~35 mins) was used for the analysis presented here.  The number of 190 

data points used from the ADV was 32768, and 4096 each from the other instruments.  The wave 191 

groupiness envelope was computed by low-pass-filtering the modulus of the cross-shore current 192 

velocity record at 0.02 Hz, as List (1991) explained.  Spectral analysis was conducted using digital 193 

Fourier transforms (Bendat and Piersol, 1986).  The data records were divided into eight equal 194 

segments for the segment average method, with 50% overlapping (Bendat and Piersol, 1986).  A 195 

cosine taper window was applied, and the number of degrees of freedom was 32.  The 95% 196 

confidence interval calculated for all the spectra presented in this paper indicated the upper and 197 

lower confidence limits were 1.75 and 0.65 times the spectral estimates, respectively. 198 

 199 

A difficulty with field measurements of turbulence is the separation of waves and turbulence.  In 200 

regions where the mean flow is considered to be constant over the order of minutes (e.g. in the 201 

deep ocean, estuaries, etc.), the turbulent fluctuations (u’, v’, and w’) can be defined as the 202 

deviation from the mean or the Reynolds decomposition (Tennekes and Lumley, 1972): 203 

ututu −= )()('  vtvtv −= )()('  wtwtw −= )()('  (1) 204 

Trowbridge and Elgar (2001) noted it was hard to separate turbulent fluctuations (u’, v’, and w’) 205 

from waves because u’, v’, and w’ were typically two to three orders of magnitude less energetic 206 
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than the wave motions (u, v, and w).  The use of equation (1) to obtain turbulence measurements 207 

from a single instrument in irregular and strongly nonlinear wave conditions is also difficult 208 

(Trowbridge, 1998).  Several methods, often using a high-pass filter with a specified frequency 209 

cutoff to remove orbital motions, have been proposed.  This cutoff has been based on either 210 

coherence between the velocity and surface elevation signals (Thornton, 1979) or spectral slope 211 

breaks (Smyth and Hay, 2003; Scott et al., 2005).  The latter method was used in this paper as 212 

outlined below. 213 

 214 

The ADV’s high frequency (16 Hz) velocity measurements were used to estimate turbulent 215 

velocity fluctuations (Voulgaris and Trowbridge, 1998).  Time series records of turbulent velocities 216 

were used to obtain the frequency (f) spectrum; the f spectrum was then converted to the wave 217 

number (k) spectrum following Taylor’s hypothesis of “frozen turbulence” (Taylor, 1938): 218 

( ) ( ) ( )fEzUkE
π2

=  (2) 219 

where E(k) is the wave number spectrum; U(z) is the mean velocity at z distance from the seabed; 220 

and E(f) is the frequency spectrum.  This is assumed to be valid when k is equal to or larger than 221 

either 2π/z or the highest significant incident wave number seen in the velocity spectrum (Huntley 222 

and Hazen, 1988).  The inertial subrange corresponded to the range of wave numbers where the 223 

spectral slope was –5/3. 224 

 225 

Turbulent energy corresponding to the inertial subrange was observed between about 30 < k < 120 226 

m–1 (Figure 3).  Beyond this range, the signals seemed to contain higher noise levels and were 227 

therefore discarded (Voulgaris and Trowbridge, 1998).  The inertial subrange spectral slope was 228 

1.63 (about –5/3) for u (Figure 3a) and 1.31 for w (Figure 3b).  The –5/3 spectral slope is not 229 

usually found in measurements close to the seabed (Hino et al., 1983; George et al., 1994; Smyth et 230 

al., 2002; Smyth and Hay, 2003), especially for the vertical component (Smyth et al., 2002).  231 

Turbulence generated by irregular waves over a mobile bed may be anisotropic (Smyth and Hay, 232 

2003).  The corresponding frequency spectra showed the inertial subrange was between 0.5 and 3 233 

Hz. 234 

 235 
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Voulgaris and Trowbridge (1998), using a series of open channel flow tests, found the ADV could 236 

measure accurate mean flows and vertical turbulence components.  They also found the noise 237 

degraded the turbulence signal in the horizontal component.  In this study, however, removing the 238 

high frequency components (> 3 Hz) overcame the noise interference. 239 

 240 

To analyse the turbulence, the velocity signals were high-pass-filtered with a cutoff frequency of 241 

0.5 Hz and low-pass-filtered with a cutoff frequency of 3 Hz.  The numerical filters were designed 242 

using fast Fourier transform techniques (Bendat and Piersol, 1986).  The high-pass cutoff 243 

frequency was much higher than the incident wave frequency (0.07 Hz); therefore the filtering 244 

process removed most of the incident wave band energy from the original data record. 245 

 246 

The time series of TKE was estimated using the three components of turbulent velocity (u΄—cross-247 

shore, v΄—longshore, and w΄—vertical) at the inertial subrange: 248 

( )2225.0 wvuTKE ′+′+′=  (3) 249 

Turbulent Reynolds stress values were estimated by: 250 

wu ′′−= ρτRe  (4) 251 

where ρ is the fluid density.  Since no quantitative analysis of Reynolds stress was undertaken, the 252 

term u΄w΄ represented the turbulent Reynolds stress.  Voulgaris and Trowbridge (1998) found that 253 

ADV-measured Reynolds stress values were underestimated by only 1%, suggesting the ADV 254 

could measure Reynolds stress values close to the bed. 255 

 256 
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3.  RESULTS AND DISCUSSION 257 

 258 

The field measurements were collected from a three-dimensional ADV current meter and an OBS 259 

sensor, both located 0.05 m above the seabed, to measure the turbulent velocities and suspended 260 

sediment concentration, respectively.  The main assumption in the data analysis was that the ssc 261 

measured by the OBS sensor was in direct response to hydrodynamic conditions measured by the 262 

current meter (e.g. water level, velocity, and turbulence characteristics), and that the suspended 263 

sediment was advected vertically (0.05 m) from the seabed to reach the OBS.  This means that the 264 

horizontal advection of suspended sediment into the measurement volume of the OBS could be 265 

neglected.   266 

 267 

The time series records of the wave groupiness envelope, cross-shore current velocity, and 268 

suspended sediment concentration were compared to examine the role of wave groupiness on 269 

sediment resuspension.  The time series records of the cross-shore current velocity (u) at 0.2 m 270 

from the seabed (Figure 4a) and the suspended sediment concentration (ssc) at 0.05 m from the 271 

seabed (Figure 4b) revealed a correspondence between wave groups and the suspended sediment 272 

concentration (Hanes and Huntley, 1986; Huntley and Hanes, 1987; Hanes, 1991; Vincent et al., 273 

1991; Osborne and Greenwood, 1993). 274 

 275 

The results of the spectral analysis of cross-shore velocity, u (0.2 m from the seabed), and the 276 

suspended sediment concentration, ssc (0.05 m from the seabed), time series are presented in 277 

Figure 5.  It is widely accepted the horizontal velocities under oscillatory flow in shallow water 278 

remain constant over the depth (Huntley and Hanes, 1987; Aagaard and Greenwood, 1995; Foote 279 

et al., 1998).  The auto-spectrum of u showed a dominant peak at 0.07 Hz (~14 s) and swell-280 

dominated conditions (Figure 5a).  Minor peaks were observed at the swell frequency band first 281 

harmonic and at low frequencies.  The auto-spectrum of ssc showed a dominant peak at low 282 

frequencies, confirming higher sediment concentrations due to wave groups (Figure 5b). 283 

 284 

The co-spectrum between u and ssc (Figure 5c) agreed with Huntley and Hanes’s (1987) original 285 

findings for shoaling, non-breaking waves in shallow water: onshore sediment flux was at the 286 

incident frequency band and offshore sediment flux was at low frequencies, corresponding to wave 287 
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groups.  The onshore flux at the incident band was attributed to the increased wave/velocity 288 

skewness towards the wave propagation direction (Doering and Bowen, 1988; Osborne and 289 

Greenwood, 1992); offshore flux at low frequencies was due to the combined action of wave 290 

groups and the group-bound long wave (Larsen, 1982; Shi and Larsen, 1984).  A small offshore 291 

sediment flux component was also present at the incident frequency band first harmonic. 292 

 293 

The relationship between the hydrodynamic parameters (surface elevation, cross-shore currents, 294 

and turbulent kinetic energy) and sediment suspension during a single wave group from 600 to 900 295 

s was examined (Figure 6).  At the start of the time series, the mean TKE was negligible (Figure 296 

6d—thick line) and increased as the wave group passed over the measurement point, especially 297 

when the incident wave height was increasing (Figures 6a and 6d).  The mean TKE then decreased 298 

while the incident wave height stayed almost constant.  Similarly, towards the end of the wave 299 

group, the mean TKE increased again with a change in incident wave height.  The mean suspended 300 

sediment concentration followed a similar pattern: increased mean suspended sediment 301 

concentration values were observed with increasing mean TKE (thick lines in Figures 6d and 6e).   302 

 303 

The same pattern was observed for the wave group that occurred between 950 and 1100 s (Figure 304 

7).  At first, there was almost no TKE, and no suspended sediment.  With the increase in the 305 

incident wave height, as the wave group passed over the measurement point (Figure 7a), the mean 306 

TKE increased (Figure 7d), followed by an increase in the mean suspended sediment concentration 307 

(Figure 7e).  The same trend was seen with the wave group that spanned between 80 and 240 s 308 

(Figure 8) and other wave groups in the data record.  These observations suggested that changes in 309 

the incident wave height (or energy) as wave groups passed over the measurement point caused 310 

higher TKE when the incident wave height was changing (increasing) than when it was constant, 311 

irrespective of the magnitude of the wave height. 312 

 313 

The individual sediment resuspension events were related to the measurements of water elevation 314 

and cross-shore velocity, and showed a consistent pattern.  The elevation time series showed the 315 

presence of a secondary peak (a change in the rate of water level decrease) after the passage of a 316 

wave crest and before reaching the mean water level (Figures 6a, 7a, and 8a).  This feature was 317 

most likely due to the presence of the first harmonic of the incident waves (Figure 5a), as it was 318 
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often seen in the surface elevation records (Figures 6a, 7a, and 8a).  The time series of the cross-319 

shore currents and ssc showed the higher ssc events in the wave group coincided with the 320 

secondary peak in the water surface elevation, which occurred at the same time as the local 321 

maximum in the offshore velocity (Figures 6b, 7b, and 8b); that is, discrete sediment resuspension 322 

events occurred only on the offshore phase of the wave cycle where there was a change in the rate 323 

of water level decrease (the secondary peak) and a local maximum in offshore velocity.  In 324 

contrast, the high, immediate TKE events were usually associated with either a wave crest or a 325 

wave trough, which Foster et al. (2006) also observed.  Thus the sediment resuspension and 326 

immediate (high) TKE events were not related.  This was apparent in Figure 8, where the peaks in 327 

the TKE, which occurred at around 100 s because of the increasing wave heights in the wave group 328 

(see above), were not associated with sediment resuspension events. 329 

 330 

At the incident wave scale, the turbulent Reynolds stress (u΄w΄) showed intermittent bursts, which 331 

sometimes seemed to coincide with the passage of wave crests and the onshore velocity maxima 332 

(Figure 8).  The suspended sediment concentration also showed an intermittent structure, which 333 

coincided with the secondary peak in the surface elevation and the maxima in the offshore flow 334 

velocity (see above).  This was in contrast to Foster et al.’s (2006) findings, in which the 335 

intermittent sediment suspension was biased towards the flow’s onshore decelerating phase.   336 

 337 

The observed intermittent Reynolds stress (u΄w΄), however, did not always cause suspension events 338 

(see Figures 7 and 8), and this could be related to the “bursting phenomenon” described in Section 339 

1.  The intermittent nature of the turbulent bursts suggested that higher Reynolds shear stress 340 

values were usually observed under burst and sweep events (negative u΄w΄) than under up-341 

acceleration and down-deceleration events (positive u΄w΄) (Figures 6c, 7c, and 8c).  Major burst 342 

and sweep events accounted for only 3 out of 60 s (5%), but contributed about 60% of the TKE 343 

(Figure 9).  Similar results have been observed under flow conditions that were different from 344 

swell waves (Gordon, 1974; Heathershaw, 1974; Soulsby, 1983).  The Reynolds stress time series 345 

for short sections of the data was used to identify burst and sweep events and was related to the 346 

suspended sediment concentration (Figures 9 and 10).  Here it was apparent the high ssc events 347 

were associated with burst events (u'<0, w'>0) rather than sweep (u'>0, w'<0) events.  Similar 348 

results have been found for tidal environments (Soulsby, 1983; Heathershaw and Thorne, 1985). 349 



- 13 - 

 350 

One of the main limitations of the current data set was the spatial coverage of the observations, 351 

where measurements were made only at a single point; thus the data interpretation was based on 352 

the assumptions listed at the start of this section.  However, it is important to examine the validity 353 

of the assumptions, especially the horizontal advection of suspended sediment to the measurement 354 

region from the turbulence generated outside the measurement region.  The data showed the high 355 

ssc events were associated with specific hydrodynamic events associated with the passage of a 356 

wave group, i.e. the secondary peak in water elevation and maxima in offshore velocity.  This 357 

result suggested that although suspended sediment may have been advected into the measurement 358 

region, the fact that resuspension occurred only under specific hydrodynamic conditions meant 359 

uniform conditions were likely in the immediate vicinity of the measurement location. 360 

 361 

In summary, the high resolution field data obtained from a swell-dominated environment with a 362 

pronounced wave group structure showed high TKE events occurred under wave crests, and 363 

sometimes under wave troughs, when the wave height was increasing with the passage of a wave 364 

group.  The sediment suspension and intermittent TKE events were not related.  High suspended 365 

sediment concentrations were associated with a secondary peak in the surface elevation, close to 366 

the maxima in the offshore velocity, and were associated with “burst” events in the Reynolds 367 

stress. 368 

 369 

 370 
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4.  CONCLUSIONS 371 

 372 

A set of high frequency (16 Hz) turbulent velocity measurements obtained simultaneously with 373 

suspended sediment concentration, cross-shore current velocity, and water surface elevation at 374 

Floreat Beach (Perth, Western Australia) was analysed to examine the effects of turbulence on 375 

wave group-induced higher suspension events, the intermittent nature of bottom turbulence 376 

production and sediment suspension, and the “bursting phenomenon” (Heathershaw, 1974). 377 

 378 

The field data showed the turbulent kinetic energy (TKE) increased with the increase in incident 379 

wave height associated with the passage of a wave group.  The TKE was higher when the incident 380 

wave height was increasing than when it was constant, irrespective of the wave height magnitude.  381 

High TKE events were associated with wave crests and sometimes with wave troughs.  The 382 

sediment suspension and intermittent TKE events were not related.  Short but intense burst and 383 

sweep events, suggesting the presence of the “bursting phenomenon”, dominated the Reynolds 384 

stress term (u’w’).  High suspended sediment concentration events were associated with bursts, 385 

which occurred during a secondary peak in the water elevation and maximum in the offshore 386 

velocity. 387 

 388 

 389 
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FIGURE CAPTIONS 

 

Figure 1: Location map (Floreat Beach, Perth, Western Australia). 

 

Figure 2: Instrument deployment location and beach profile. 

 

Figure 3: Wave number spectra of: a) horizontal cross-shore velocity (u); b) vertical velocity 

(w). 

 

Figure 4: Time series records of: a) cross-shore current velocity (u); b) suspended sediment 

concentration (ssc); and c) turbulent kinetic energy (TKE).  Thick, solid lines show 

the envelope function of u (a), low-pass-filtered ssc (b), and low-pass-filtered TKE 

(c), respectively.   

 

Figure 5: Results of the spectral analysis between the cross-shore velocity, u, and the 

suspended sediment concentration, c.  a) Auto-spectrum of u; b) auto-spectrum of 

ssc; and c) u-ssc co-spectrum in (gl–1)(ms–1)Hz–1. 

 

Figure 6:  Time series records of: (a) water surface elevation, η (solid line), and envelope 

function of η (thick, solid line); (b) cross-shore velocity (u); (c) turbulent Reynolds 

stress (u’w’); (d) turbulent kinetic energy (TKE); and (e) suspended sediment 

concentration (ssc) for a wave group observed between 600 and 900 s.  Note: the 

maximum voltage setting for the OBS was insufficient to capture the maximum 

suspended sediment concentrations that occurred between 700 and 730 s. 

 

Figure 7: Time series records of: (a) water surface elevation, η (solid line), and envelope 

function of η (thick, solid line); (b) cross-shore velocity (u); (c) turbulent Reynolds 

stress (u’w’); (d) turbulent kinetic energy (TKE); and (e) suspended sediment 

concentration (ssc) for a wave group observed between 950 and 1100 s. 
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Figure 8: Time series records of: (a) water surface elevation, η (solid line), and envelope 

function of η (thick, solid line); (b) cross-shore velocity (u); (c) turbulent Reynolds 

stress (u’w’); (d) turbulent kinetic energy (TKE); and (e) suspended sediment 

concentration (ssc) for a wave group observed between 80 and 240 s. 

 

Figure 9: Time series records of: (a) turbulent Reynolds stress (u’w’); and (b) suspended 

sediment concentration (ssc) between 730 and 790 s. 

 

Figure 10: Time series records of: (a) turbulent Reynolds stress (u’w’); and (b) suspended 

sediment concentration (ssc) between 950 and 1100 s. 
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Figure 1.  Location map (Floreat Beach, Perth, Western Australia). 

 

 
Figure 2.  Instrument deployment location and beach profile. 
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Figure 3.  Wave number spectra of: (a) horizontal cross-shore velocity (u); (b) vertical velocity (w). 
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Figure 4.  Time series records of: (a) cross-shore current velocity (u); (b) suspended sediment 

concentration (ssc); and (c) turbulent kinetic energy (TKE).  Thick, solid lines show the envelope 

function of u (a), low-pass-filtered ssc (b), and low-pass-filtered TKE (c), respectively. 

 



- 25 - 

 
 

Figure 5.  Results of the spectral analysis between the cross-shore velocity, u, and the suspended 

sediment concentration, ssc.  (a) Auto-spectrum of u; (b) auto-spectrum of ssc; and (c) u-ssc co-

spectrum in (gl–1)(ms–1)Hz–1. 
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Figure 6.  Time series records of: (a) water surface elevation, η (solid line), and envelope function 

of η (thick solid line); (b) cross-shore velocity (u); (c) turbulent Reynolds stress (u’w’); (d) 

turbulent kinetic energy (TKE); and (e) suspended sediment concentration (ssc) for a wave group 

observed between 600 and 900 s.  Note: the maximum voltage setting for the OBS was insufficient 

to capture the maximum suspended sediment concentrations that occurred between 700 and 730 s. 
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Figure 7.  Time series records of: (a) water surface elevation, η (solid line), and envelope function 

of η (thick solid line); (b) cross-shore velocity (u); (c) turbulent Reynolds stress (u’w’); (d) 

turbulent kinetic energy (TKE); and (e) suspended sediment concentration (ssc) for a wave group 

observed between 950 and 1100 s. 
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Figure 8.  Time series records of: (a) water surface elevation, η (solid line), and envelope function 

of η (thick, solid line); (b) cross-shore velocity (u); (c) turbulent Reynolds stress (u’w’); (d) 

turbulent kinetic energy (TKE); and (e) suspended sediment concentration (ssc) for a wave group 

observed between 80 and 240 s. 
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Figure 9.  Time series records of: (a) turbulent Reynolds stress (u’w’); and (b) suspended sediment 

concentration (ssc) between 730 and 790 s. 
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Figure 10.  Time series records of: (a) turbulent Reynolds stress (u’w’); and (b) suspended 

sediment concentration (ssc) between 950 and 1100 s. 

 


