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Abstract 

Ripple measurements and flow and sediment dynamical data obtained from the shoreface of the Middle Atlantic 
Bight using instrumented tripods were analyzed to evaluate various predictors of ripple geometry and roughness. 
Ripple roughness controls on sand resuspension and suspended sediment concentration profiles under combined 
waves and currents were also evaluated. The limited observation of sand ripples in the field indicates that the Grant 
and Madsen (1982) method overestimates ripple roughness, while the Nielsen (1981) method tends to under-predict 
ripple roughness. A modified ripple predictor is thus proposed based on the Grant and Madsen method, and it is 
shown to give reasonable predictions under the present experiment conditions. 

This modified ripple prediction along with wave, current and suspended sediment concentration data recorded by 
the tripods were then brought into the combined-flow bottom boundary layer model of Grant and Madsen (1986) 
and the modified Rouse equation of Glenn and Grant (1987) to calculate sand resuspension coefficient y,, and to 
predict suspended sediment concentration profiles. It was found that under low-energy fair-weather conditions, sand 
ripples are in the equilibrium range and ripple roughness increases with the bed shear stress. This causes strong vortex 
activity close to seabed and thus higher resuspension coefficient. Reference concentrations are moderate due to this 
high resuspension coefficient, even though bed shear stresses are low. Under moderate storm conditions, ripple break 
off occurs and ripple roughness will decrease with bed shear stress. This reduces the vortex activity and hence sand 
resuspension coefficient y,,. The combination of this moderately high bed shear stress and reduced but still moderate 
ripple roughness favours sand suspension and produces the highest reference concentration for the encountered 
experimental conditions. As bed shear stress is further increased, ripples are nearly washed out and sand resuspension 
coefficient is further decreased approaching the previously-suggested constant value of 1.3 x 10m4. This corresponds 
with the lowest reference concentration despite the high bed shear stress. Suspended sediment concentrations predicted 
by the modified Rouse equation using this time variable resuspension coefficient and properly calculated bottom 
boundary layer parameters are reasonable compared to the field measured concentration profiles. 

1. Introduction 

Several models have been developed to predict 
bed roughness, shear stress and velocity profiles in 
the bottom boundary layer (BBL) under combined 
wave-current flows over a movable bed (Smith, 
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1977; Grant and Madsen, 1979; Davies et al., 
1988). All these models assume that the bottom 
roughness can be described by a single roughness 
scale k,, in which ripple roughness k, is an impor- 
tant component. Studies have been conducted to 
understand ripple generation, stability, and their 
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effects on nearbed velocity and stress partitioning 
(Amos et al., 1988; Wiberg and Nelson, 1992; 
Li, 1994). Various models have been derived to 
predict ripple roughness for waves or combined 
flows (Nielsen, 1981; Grant and Madsen, 1982). 
However, these models are either based on labora- 
tory data or for waves only, and have not been 
tested by combined-flow field data. Recent studies 
by Drake and Cacchione (1989), Vincent et al. 
( 1991) and Vincent and Downing ( 1994) also 
indicate that ripple roughness, bed armouring and 
down-core increase of sediment cohesion can 
significantly affect the sediment resuspension 
coefficient y,,, which is critical in estimating the 
suspended sediment concentration @SC) profiles. 
The values of y,, from these studies differ more 
than an order of magnitude, though they both 
show a systematic decrease in y0 with the increase 
of excess shear stress. This conflicts with the con- 
cept of constant y0 suggested by the flume experi- 
ments of Hill et al. (1988). 

Several field experiments were conducted at the 
Virginia Institute of Marine Science (VIMS) 
during the period of 1985-1992 to observe bottom 
boundary layer dynamics and seabed responses in 
a shoreface environment. This paper is confined 
to data obtained in 1985 and 1988. Results 
obtained during a severe storm in 1991 were 
reported by Madsen et al. (1993). Detailed descrip- 
tions of these experiments, seabed responses to 
storms and cross-shore sediment transport have 
been given in Wright et al. (1986, 1991). In the 
present paper, limited combined-flow ripple meas- 
urements obtained from these experiments are used 
to evaluate the applicability of various ripple pre- 
dictors to the combined flow conditions. The com- 
bined-flow bottom boundary layer model of Grant 
and Madsen (1979, 1986), as incorporated in 
a continental shelf sediment transport model 
SEDTRANS (Li and Amos, 1995), and a modified 
Rouse equation (Glenn and Grant, 1987) are used 
to calculate the bottom shear stress, reference 
concentration and sand resuspension coefficient 
under variable wavecurrent conditions. Correla- 
tions among these sediment and flow dynamical 
parameters are then analyzed to understand the 
bedform response to the change of wave-current 

dynamics and how this controls sand resuspension 
and suspended sediment concentration profiles. 

2. Experimental site and instrumentation 

The data presented here were collected from the 
shoreface seaward of the U.S. Army Corps of 
Engineers Field Research Facility (FRF ) at Duck, 
North Carolina (Fig. 1). The study site is located 
approximately halfway between Cape Hatteras in 
the south and the entrance to Chesapeake Bay in 
the north. The shoreface is concave upwards with 
a 0.6” upper shoreface (within 2 km from the 
shoreline) and a gentler lower shoreface of only 
0.2”. The bottom sediment consists of well-sorted 
fine sand with a median grain size of 0.13 mm and 
a standard deviation of 0.29 mm. On the average 
sand composes 95.6% of the bottom sediment, silt 
and clay are only 2.3% and 2.1%, respectively. The 
annual average significant wave height at FRF is 
0.9 m with an annual average peak spectral period 
of 8.7 s. Waves approach mainly from the south 
in the spring and summer, while winter storms 
generally come from the northeast. The coastal 
tides are semi-diurnal with a mean range of 1 m. 
Wind-driven currents are more important, and 
they typically flow southward alongshore. Details 
of the site can be found in Birkemeier et al. ( 198 1). 

The first experiment was conducted in 
September, 1985 at a depth of 8 m. The first five 
days were dominated by fair weather followed by 
storm conditions in the second half. The second 
experiment was conducted in January, 1988 at a 
depth of 7.3 m. High-energy swells dominated this 
experiment and were responsible for capsizing the 
instrument package after 20 hours of deployment. 
Time series of benthic oscillatory and net flows, 
fluctuating pressure, near bottom suspended sedi- 
ment concentration profiles were measured using 
an instrumented tripod which is shown in Fig. 2. 
The instrumentation mainly consisted of four 
Marsh-McBirney electro-magnetic current meters, 
five miniature optical backscatter sensors (OBS), 
and a Paroscientific Dig&Quartz pressure sensor. 
The current meters were calibrated in steady flows 
before each deployment using a recirculating 
flume. OBS sensors were also calibrated using the 
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Fig. 1. Location map showing the experimental site Duck, North Carolina. 

native bottom sediment collected from the field. 
All the sensors were synchronized and pro- 
grammed for burst-mode sampling. The burst 
duration was 34 minutes for the 1985 experiment 
and 17 minutes for the 1988 deployment. The 
interval between bursts varied from 2 to 4 hours, 
and sampling frequency was set at 1 Hz. The 
tripod was deployed and retrieved by divers so 
that sensor orientation and elevations could be 
carefully observed. Ripple geometry and seabed 
roughness were examined by divers at the 
beginning, sometimes also at the end, of each 
deployment. 

The raw data were analyzed to determine for 
each time series the water depth h, the significant 
wave height H,, peak spectral wave period T, 
mean velocity u at the current sensor heights, the 
angle between waves and currents c$,,,, and mean 
suspended sediment concentration at each height. 
These primary data are listed respectively in 
Table 1 for the 1985 fair weather, 1985 storm and 
1988 high-energy swell conditions. The current 
meters at 20 cm height for the 1985 experiment 
and at 100 cm for the 1988 experiment gave the 
longest and most reliable records, thus their mean 
values were used in this study. The lowest mea- 
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Fig. 2. The benthic boundary layer instrumented tripod used in this study. 

sured suspended sediment concentration c,r was 
at 14 cm and 10 cm above the seabed for the 1985 
and 1988 experiments, respectively. The ripple 
height q and length 2 observed by divers at the 
start of each deployment are also given in Table 1. 
Under continental shelf and nearshore environ- 
ments, the non-linear interaction between waves 
and currents will enhance the BBL shear stresses. 
The widely-used combined-flow bottom boundary 
layer model of Grant and Madsen ( 1979, 1986, 
GM model hereafter) assumes a linear eddy viscos- 
ity function and utilizes the law of the wall velocity 
relationship to compute the various enhanced 
shear stresses and the velocity profiles above and 
below the wave boundary layer. Several field 
experiments have supported this model (Cacchione 
and Drake, 1982; Grant et al., 1984; Cacchione 
et al., 1987; Huntley and Hazen, 1988). The pri- 
mary data in Table 1 were thus brought into the 
Grant and Madsen combined-flow bottom bound- 
ary layer model to calculate wave boundary layer 
thickness 6,) bottom roughness zO, apparent 
bottom roughness zoc, combined skin-friction 
shear velocity (u,,,,), and total wave (u,,), current 
(u,,) and combined wave-current (u,,,) shear 
velocities. These parameters were then used in 
further analyses of the data. The essential BBL 
parameters obtained from the GM model are listed 
in Table 2 for the three experiments respectively. 

3. Ripple roughness prediction 

When flows exert force on a movable bed, 
ripples start to form as the friction on the seabed 
exceeds the threshold value for sediment move- 
ment. As waves and currents become stronger, 
ripples go through two distinct stages (Grant and 
Madsen, 1982). The first stage is known as the 
equilibrium range in which flow is relatively slow 
and sediment transport is low. Both ripple height 
q and ripple wave length 1 tend to increase until 
ripple steepness q/1 and ripple roughness reach 
their maximum. Within the equilibrium range, the 
length of wave-formed ripples scales with the near 
bottom wave orbital excursion amplitude A,,. As 
flow strength is further increased, ripples enter the 
second stage defined as the break off range which 
involves strong flow and high sediment transport 
processes. When this break off point is reached, 
ripple height will decrease while ripple length stays 
roughly constant or decreases slightly. This will 
lead to the decrease in ripple steepness and ripple 
roughness, and also the de-correlation between 
wave excursion amplitude and ripple length. Many 
investigators have tried to quantitatively predict 
ripple height and length (Bagnold, 1946; Mogridge 
and Kamphius, 1972; Miller and Komar, 1980a,b). 
However, the more popular ripple predictors are 
those of Nielsen ( 1981) and Grant and Madsen 
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Table 1 

The field data for the Duck 1985 and 1988 experiments 

Time 

(hour) 

Depth 

(m) 

H, 

(cm) 

Period 

(s) 

l4 

(cm/s) 

4 CW 
(degrees) 

%I 

(mgil ) 
7 and 1 

(cm) 

I985 Fair Weather 

2 8.73 

6 9.34 

10 9.22 

14 8.67 

18 9.06 

22 9.11 

26 8.68 

30 9.27 

34 9.43 

38 8.74 

42 8.94 

1985 Storm 
2 9.26 

6 9.26 

10 9.83 

14 9.17 

18 9.15 

22 9.99 

26 9.35 

30 9.01 

34 9.89 

38 9.45 

42 9.12 

1988 Swell 

1 6.52 

3 6.35 

5 6.60 

7 7.10 

9 7.21 

11 6.94 

13 6.43 

15 6.34 

17 6.77 

41.9 10.1 1.3 14.2 824 q=3 

40.3 10.2 2.4 73.7 397 A=15 

42.9 10.8 0.5 80.4 723 

36.7 10.5 3.5 15.4 337 

28.3 9.9 1.4 3.8 153 

30.4 10.6 3.2 89.1 475 

29.7 10.7 1.1 64.7 265 

31.5 10.9 1.9 52.9 280 

28.2 10.7 2.4 83.6 401 

26.5 10.8 3.1 54.0 441 

24.0 11.1 2.2 48.1 451 

102.3 6.6 19.0 76.5 3064 q=2 

80.3 6.9 12.5 79.0 3852 1=20 

77.1 6.5 12.9 80.8 3204 

76.1 7.1 14.7 88.0 872 

73.6 7.0 7.4 81.5 1297 

86.0 8.3 8.7 85.5 1292 

87.7 8.1 12.6 88.3 2195 

86.2 7.0 8.6 87.0 2028 

84.3 6.8 15.4 85.5 1858 

99.4 6.6 35.0 73.2 1580 

125.1 6.7 24.0 78.2 1890 

89.2 9.6 3.1 76.7 589 q=l 

92.5 9.4 6.4 71.3 948 1= 10 

94.4 9.4 9.3 77.7 655 

100.0 9.9 4.1 78.2 617 

101.7 10.1 1.6 27.7 773 

112.7 10.8 9.6 85.0 1530 

121.5 10.5 12.2 70.2 2350 

141.3 11.1 13.6 78.0 2035 

150.6 12.3 4.1 85.6 2003 

(1982, GM method hereafter). Wiberg and Harris 
(1994) compared these two methods with available 
wave ripple data and proposed a new ripple predic- 
tor. Though their method gave better prediction 
of ripples for the STRESS site on the northern 
California shelf, its overall performance was com- 
parable to the Nielsen’s (1981) method (Wiberg 
and Harris, 1994, p. 785). For their simplicity, the 
Nielsen method and the Grant and Madsen 
method only are further considered here. 

Based on the laboratory data of Carstens et al. 
( 1969), Grant and Madsen ( 1982) define the break 

off skin friction Shields parameter as: 

&, = 1.86,,s0i6 (1) 
in which 13,~ is the sediment threshold Shields 
parameter and S, is a dimensionless sediment 
parameter given by: 

s, = (D/4v)[(s - 1 )gD]0.5 (2) 
where D is the sediment diameter, v is the kinematic 
viscosity, s is the specific gravity of sand (the ratio 
of sediment density ps to the fluid density p), and 
g is the gravity acceleration. The ripple geometry 
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Model output data for the 1985 and 1988 Duck experiments 

Time 
(hour) 

%c If+,, u*,* & 20 --Oc ? i S C 
@m/s) (cm/s) (cm/s) (cm) (cm) (cm) (cm) (cm) (Dsil) 

)‘li 

1985 Fair Weather 
2 0.47 
6 0.77 

10 0.22 
14 1.03 

f985 Storin 
2 2.71 
6 2.14 

10 2.23 
14 2.42 
18 1.50 
22 1.72 
26 2.17 
30 1.59 
34 2.46 
38 4.23 
42 3.25 

1988 Swell 
1 0.46 
3 0.87 
5 1.19 
7 0.60 
9 0.26 

11 f.32 
13 1.68 
15 2.02 
17 0.79 

5.33 1.40 6.84 0.56 5.65 3.0 15.1 0.48 4.49 0.00535 
4.96 1.30 6.44 0.53 4.63 2.9 14.3 0.28 1.76 0.00355 
5.34 1.38 7.31 0.60 6.70 3.2 16.2 0.44 8.78 0.01148 
4.88 1.31 6.56 0.54 4.16 2.9 14.4 0.30 1.31 0.00253 

6.64 2.14 5.57 0.13 1.21 1.5 19.8 4.68 17.04 0.00208 
6.40 2.22 5.65 0.23 1.94 2.2 20.3 2.72 22.40 0.00469 
6.43 1.99 5.33 0.32 2.00 2.5 18.5 1.98 16.78 0.00482 
6.36 2.13 5.74 0.26 1.76 2.3 20.1 2.42 4.44 0.00105 
6.33 2.03 5.62 0.28 2.76 2.4 20.1 2.12 10.18 0.00274 
6.42 2.32 6.76 0.22 2.68 2.3 25.1 3.06 8.02 0.00149 
6.43 2.45 6.60 0.18 1.96 2.0 24.6 3.53 12.31 0.00199 
6.27 2.34 5.59 0.17 2.32 1.8 20.7 3.14 17.42 0.003 16 
6.37 2.18 5.52 0.24 1.64 2.2 19.8 2.58 9.76 0.00216 
7.28 3.01 6.11 0.16 0.73 1.7 20.1 5.84 5.97 0.00058 
7.40 3.33 6.31 0.10 1.04 1.0 20.8 7.38 8.68 0.00067 

7.10 3.10 8.65 0.13 6.59 1.5 31.1 6.25 3.35 0.~0305 
7.35 3.26 8.74 0.12 5.26 1.4 30.5 7.03 3.86 0.000313 
1.34 3.26 8.82 0.12 4.40 1.4 30.8 7.03 2.43 0.000197 
7.40 3.28 9.32 0.12 6.55 1.4 32.5 7.13 2.35 0.000188 
7.44 3.30 9.56 0.12 8.23 1.5 33.3 7.25 3.28 0.000257 
8.23 3.71 11.30 0.13 5.50 1.3 36.6 9.38 4.19 0.~0254 
9.29 4.17 12.42 0.14 5.51 1.0 36.1 12.14 5.64 0.000265 

10.97 4.77 15.54 0.18 6.80 0.8 39.3 16.19 4.10 0.000144 
11.14 4.83 17.50 0.19 12.66 0.9 44.2 16.62 3.96 0.000136 

is predicted for both the equilibrium and break- 
off ranges. The maximum skin-fiction wave 
Shields parameter, #_, can be defined: 

&Xl = P&J(P, - .Q)gD (31 

in which u*,, is the maximum skin-friction wave 
shear velocity predicted by the GM model using a 
grain roughness 2.50. For ripples in the equilib- 
rium range, O,, c 8,: 

q = 0.22A&?_/8,,)-0.16 @aI 

A = 6.25v](e,,/0,,)0.04 (4b) 

For ripples in the break-off range, B,, > 0,: 

rj = 0.48A,(B,Jff,,) 1.5 (5a) 

K = 3.6~~~“.6(~-/e~~) (5b) 

The ripple predictor of Grant and Madsen 
( 1982) is based on the wave-tank data of Carstens 
et al. (1969). Nielsen (1981) suggests that natural 
ripples are shorter and less steep due to the irregu- 
larity of natural waves. Based on wave-ripple field 
data of Inman (1957) and Dingler (1974), he 
obtained the following field wave-ripple predictor: 

~=21A,M-‘.*5 M> 10 (6) 

y/n =0.342 -0.343$$ (71 

where the wave-mobility number M is defined as: 

M=u$(s- 1)gD (8) 

in which Mb is the near-bed wave orbital velocity. 
Once the ripple height and ripple wave length 

are obtained, the following method of Grant and 
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Madsen (1982) is adopted for the prediction of 
ripple roughness, K,, in this study: 

K, = 27.711(1/A) (9) 

Time series of ripple height, ripple wave length 
and ripple roughness predicted by various models, 
including a modified Grant and Madsen method, 
are compared in Fig. 3 for the 1985 Duck fair- 
weather period. Similar comparisons are shown in 
Figs. 4 and 5 for the 1985 storm period and 1988 
swell condition respectively. Normalized excess 

shear stress S (see definition below) was also shown 
in the bottom plot in each figure. For the 1985 
fair-weather experiment, the measured ripple 
height and length at the beginning of the experi- 
ment were 3 cm and 15 cm respectively (Table 1). 
This produces a ripple roughness of 16.6 cm from 
Eq. 9. Fig. 3 shows that under fair-weather condi- 
tions, the GM method generally over-predicts 
ripple height, ripple length and ripple roughness 
compared to the measured data. Though the 
Nielsen method predicts reasonable values, it sug- 

0 GM 0 Nielsen v GMM OS 

7- 

6- 

5- 

4- 

3- 

0 

10 1 I 1 I I I I I 
i 0.0 

0 2 4 6 a 10 12 14 16 

Time (hours) 

Fig. 3. Time series of model-predicted ripple height (A), ripple length (B), ripple roughness and excess shear stress S (C) for the 
1985 fairweather period. Circles, Grant and Madsen (1982); dots, Nielsen (1981); triangles, modified Grant and Madsen method; 
squares, excess shear stress. 
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Fig. 4. Time series of model-predicted ripple height (A), ripple length (B), ripple roughness and excess 

1985 storm period. Symbols are defined as in Fig. 3. 

shear stress S (C) for the 

gests decreasing ripple height and ripple roughness 
with the increase in bed shear velocity, which is 
opposite to the concept of increasing ripple height 
and roughness with stronger bed shear stress under 
the equilibrium condition. The measured ripple 
height and length are 2 cm and 20 cm respectively 
for the 1985 storm period. These correspond with 
a ripple roughness of 5.5 cm. Fig. 4 shows that the 
GM method gives good prediction of ripple height, 
though the ripple length is over-predicted. In 
contrast to the fair-weather condition, Nielsen’s 

method generally under-predicts all ripple para- 
meters under the storm condition. Based on the 
1985 Duck experiment data and arguments of 
Cacchione and Drake (1990), an iterative trial- 
and-error method was used to obtain the following 
modified Grant and Madsen ripple predictor: 
for 8,, < 0, , 

(lOa) 

J? = 4.95Y/(e,,/e,,)0.04 (lob) 
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Fig. 5. Time series of model-predicted ripple height (A), ripple length (B), ripple roughness and excess shear stress S (C) for the 
1988 experiment. Symbols are defined as in Fig. 3. 

for ewrn > & : 

~=0.356~,(8,,/8,,)-‘.5 (lla) 

A= 3.039S,0.6(B,J&) (lib) 

The ripple parameters predicted by this modified 
Grant and Madsen method are also shown in Figs. 
3 and 4. They are in good agreement with the field 
measurements for the Duck 1985 experiments. 

Ripple parameters predicted by the GM method, 
the modified GM method and the Nielsen method 

are compared in Fig. 5 for the Duck 1988 experi- 
ment. For this experiment period, the ripple height 
measured at the start of the experiment was 1 cm 
and ripple length was 10 cm (Table 1). These 
values give a ripple roughness of 2.8 cm. Fig. 5 
shows that under this high-energy swell condition, 
ripple height and ripple roughness are reasonably 
predicted by the GM and modified GM methods, 
though ripple length is over-predicted by both 
methods. Nielsen method again significantly 
under-predicts all ripple parameters. Although the 
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modified GM ripple predictor overestimates ripple 
wave length for the 1988 experiment (Fig. 5B), the 
predicted ripple roughness is reasonable compared 
to the measured ripple roughness. Also further 
change of Eq. 11 according to the 1988 data will 
significantly under-predict ripple length for the 
1985 experiments. Thus Eq. 11 is not further modi- 
fied to fit the 1988 data. 

The ripple geometry was not measured for each 
sampling burst, but rather limited to the beginning 
and/or the end of each deployment in the Duck 
experiments. Ripple roughness would not change 
significantly for the fair-weather period, but it 
should have decreased with the increasing bed 
shear stress in the storm and swell conditions. This 
limitation was overcome in a similar field experi- 
ment conducted on the Scotian shelf at Bedford 
Institute of Oceanography (Li et al., 1993). The 
temporal variation of measured ripple roughness 
is compared with the predictions by various models 
in Fig. 6 for selected bursts from this experiment. 
It clearly demonstrates that the original GM 
method strongly over-predicts ripple roughness, 
while the applicability of the Nielsen method is 
uncertain. For some bursts of strong current domi- 
nance over waves, the Nielsen method predicts no 
ripple formation, though the field measurements 

40 , / 

0 L 

show sediment transport and ripple development. 
In contrast, the modified GM method again gives 
the best prediction. A detailed description of the 
Scotian shelf experiment and final modification of 
the GM ripple predictor will be presented in a 
separate publication. The modified GM method 
given in Eqs. 10 and 11 together with the GM 
boundary layer model are used here for the predic- 
tions of ripple height, length and BBL parameters 
(Table 2). These are then used in sand resuspension 
analyses in this paper. 

4. Sand resuspension 

Based on the Rouse (1937) concentration equa- 
tion for unidirectional flows, the vertical distribu- 
tion of suspended sediment concentration under 
combined waves and currents can be calculated 
using the following modified Rouse equations 
(Glenn and Grant, 1987): 

C, = C6,(z/S,)-’ for z > 6, (12a) 

C, = C&/z,) -’ for 2 < 6, (12b) 

where C, is the mean suspended sediment concen- 
tration at height z above the seabed, C,, is the 

6 NIELSEN 
Q GMM 
V MEASURED 

4 6 8 10 12 

Burst Kumber 

Fig. 6. Time series of measured and predicted ripple roughness for selected bursts from the Scotian shelf experiment. Solid triangle 

represents the measured ripple roughness and other symbols are defined as in Fig. 3. 
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mean SSC at the top of the wave boundary layer, 
C,, is the reference concentration at the height of 
the bottom roughness zO, and c( is the suspension 
parameter: 

c( = YWsl/KU*, for Z > 6, 

cx=yw,J~cu*,, for z<Zi, 

in which y is an empirical constant set to 0.74 
according to Businger et al. (1971), w,i and w,~ 
are sediment grain settling velocities above and 
below the wave boundary layer, respectively. Based 
on the work of Smith and McLean (1977) a 
simplified method is used here for the computation 
of reference concentration C,: 

cO = cbYOs (13) 

where C,=O.65 is the volume concentration of 
sediment in the bed, S is the normalized excess 
shear stress defined as (r’-Q,)/z,, with z’ being 
the skin friction shear stress and r,, the critical 
shear stress for sediment initiation of motion, and 
y,, is the so-called sediment resuspension coefficient 
representing the relative efficiency of sand 
resuspension. 

In order to compute sediment concentration 
using the above-described method, the fall veloci- 
ties above and below the wave boundary layer, w,i 

and ws2, must be known. Vertical grain size distri- 
bution was not measured in the Duck experiments. 
Thus we can not obtain the actual values for w,i 
and ws2. It is well established, however, that the 
ratio of shear velocity to settling velocity has to 
be equal to or larger than 1 for suspension to 
occur. Based on the model-predicted total current 
and combined shear velocities u*, and u*,, listed 
in Table 2, the settling velocities are assumed to be 
1.05 cm/s (the settling velocity for &=0.13 mm) 
for all the experiments except the 1985 fair-weather 
period, in which w,i =0.25 cm/s has been taken 
because of the low current shear velocity (averag- 
ing only 0.5 cm/s). After the settling velocities are 
defined, the measured suspended sediment concen- 
tration at the lowest height above the seabed (cZ1 
in Table 1) and corresponding BBL parameters 
from the GM model based on the modified ripple 
predictor are brought into Eq. 12a to calculate C,, 
which is then inserted in Eq. 12b for the computa- 

tion of C, at the height of the wave boundary 
layer bottom roughness zO. This reference concen- 
tration and proper shear stresses are then used in 
Eq. 13 to obtain the resuspension coefficient yo. 
The values of S, Co and y. computed this way are 
also listed in Table 2 for each burst. Since u*=,_ is 
below the critical shear velocity u*,. = 1.15 cm/s 
for hours 18 to 42 in the 1985 fair-weather experi- 
ment, no calculations are performed for these 
bursts. 

Time series of resuspension coefficient y. and 
reference concentration Co are plotted in Fig. 7B 
for the 1985 fair-weather condition. Temporal vari- 
ation of normalized excess shear stress S and 
model-predicted ripple roughness K, are shown in 
Fig. 7A in comparison to understand the control 
of bedform development on sand resuspension. 
Similar plots are also given in Figs. 8 and 9 for 
the 1985 storm and 1988 swell conditions, respec- 
tively. Fig. 7 suggests that under the fair-weather 
condition, the combined skin-friction shear veloci- 

ties (u*cWs in Table 2) are smaller than the ripple 
breakoff shear velocity 1.61 cm/s given by Eq. 1 
and sand ripples are still in equilibrium range, thus 
ripple roughness increases with the increase in bed 
shear stress. This increased ripple roughness then 
leads to stronger vortex activity close to seabed, 
hence higher sand resuspension coefficient and 
reference concentration at the height of z. 
(Fig. 7B). 

Ripple development and sand resuspension 
under storm conditions are quite different than 
that for the low-energy fair-weather conditions. 
Combined shear velocities for the 1985 storm 
period are moderately above the ripple break off 
limit (Table 2) and sand ripples are in the break 
off range. Time series of S, K,, y. and Co plotted 
in Fig. 8 generally show that the increase in 
normalized excess shear stress S causes decreas- 
ing ripple roughness under this condition. This 
decrease in ripple roughness then causes reduced 
vortex ejection of sands, decreased sand resuspen- 
sion coefficient y. and suspended sediment concen- 
tration at zo, though the average values of Co are 
higher than that under the fair-weather condition 
(Fig. 7B). For the 1988 high energy swell condi- 
tion, the values of S are as high as 16 and u*,,, 
are significantly higher than the break off value of 
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the 1985 fairweather period. 

1.61 cm/s (see Table 2). Under this energetic condi- The three experiments can be compared as indi- 
tion, ripple roughness again decreases with the vidual events of different energy levels. The nor- 
increasing bed shear stress and this, among other malized excess shear stresses are less than 1 in the 
factors such as bed armouring, leads to a general 1985 fair-weather event and increase to moderate 
decrease in the sand resuspension coefficient y. values of 2 to 8 for the 1985 storm period and to 

(Fig. 9B). In contrast to the low to medium energy very high values between 6 to 18 in the 1988 swell 
conditions of 1985 experiment, the reference con- event. With this increase in bed shear stress, the 
centration of the 1988 experiment generally shows average ripple roughness systematically decreases 
an increasing trend with the increase of bed shear from 16.6 to 5.5 and 1.4, respectively. This then 
stress for the first three quarters of the deployment corresponds with a decrease in the average resus- 
period (from hours 1 to 13 in Fig. 9B), despite the pension coefficient from 0.0057 to 0.0023 and 
decrease in ripple roughness 1F;, and sand resuspen- 0.00020, respectively. Though bed shear stresses 
sion coefficient ljo during this period. From hours are low under the 1985 fair-weather condition, 
13 to 17, C,, again shows the same positive cor- reference concentrations still reach moderate 
relation with ripple roughness and resuspension values due to higher ripple roughness and efficient 
coefficient, dramatically decreasing with the sand resuspension (the average C, is equal to 
decrease of Kr and yo. 4.08 g/l). Despite the decrease in ripple roughness 
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Fig. 8. Time series of (A) excess shear stress and ripple roughness, and (B) resuspension coefficient and reference concentration for 
the 1985 storm period. 

and resuspension coefficient during the 1985 storm 
period, the increase in bed shear stress is more 
important and has led to a strong increase in C,, 
with the average concentration reaching 12.1 g/l. 
As bed shear stress is further increased for the 
1988 swell condition, the seabed is nearly flat and 
an armouring layer may have developed. This 
dramatically reduces sand resuspension and the 
average reference concentration is the lowest, being 
only 3.68 g/l. 

Various authors have suggested different values 
of y0 ranging from 1 x lo-’ to 1.5 x lo-’ (Smith 
and McLean, 1977; Wiberg and Smith, 1983; 
Kachel and Smith, 1986). Unidirectional flume 
experiments by Hill et al. (1988) suggest that this 
wide spread of estimated y. values could be due 
to measurement errors and/or uncontrolled vari- 

ables, and thus a constant value of 1.3 x 10m4 
should be used. Recent field studies by Drake and 
Cacchione (1989) on mud, and by Vincent et al. 
( 1991) and Vincent and Downing ( 1994) on sand, 
however, show that y. systematically decreases 
with the excess shear stress, though the causes of 
this decrease and the magnitudes of their estimates 
are different. The data of Vincent et al. for sands 
are mainly in the ripple break off range and thus 
it is unknown how y. (hence sand resuspension) 
reacts to boundary dynamics when ripples are still 
developing in the equilibrium range. The logarith- 
mic values of y. are plotted in Fig. 10 against the 
logarithmic values of S for data from all three 
Duck experiments. Data of Vincent et al. (1991) 
are also included for comparison. Good agreement 
between our data and that of Vincent et al. is 
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Fig. 9. Time series of (A) excess shear stress and ripple roughness, and (B) resuspension coefficient and reference concentration for 
the 1988 experiment. 

found. The combined data from these two studies 
clearly indicate that sand resuspension coefficient 
y0 is not a constant and its value should decrease 
with the increasing bed shear stress in the ripple 
break off range. In the equilibrium range, however, 
our data show that y0 will increase with the bed 
shear stress. This segmented data pattern thus 
implies that most efficient sand resuspension 
should occur for moderate bed shear stress and 
well-developed sand ripples around the break-off 
point. Linear regression of the two data groups in 
Fig. 10 has resulted in the following empirical 
relationships for the prediction of y. under com- 
bined flows: 

yo = 0.0355S1~94 ?=0.70 for SC1 (14a) 

yo = O.O206S_ 1.93 ?=0.85 for S>l (14b) 

5. Predicting sediment suspension profiles 

The Rouse equation for suspended sediment 
concentration profiles, given in a simplified version 
in Eq. 12, has been widely used by oceanographers, 
all though it has not been well tested in the sea 
(Sternberg et al., 1986). The biggest difficulty in 
applying the Rouse equation is the specification of 
c0 based on Eq. 13 in which c0 is related to the 
excess shear stress S through the resuspension 
coefficient yO. There is no agreed universal selection 
of the height for cO, and values of y. from various 
studies can be different more than 2 or 3 orders 
of magnitude. Theoretical modelling has been done 
(Smith, 1977; Smith and McLean, 1977) and tech- 
niques have been suggested in using the Rouse 
equation for marine boundary layers (l&Cave, 
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Fig. 10. Variation of sand resuspension coefficient y0 with excess shear stress S for this study (circles) and Vincent et al. (1991, 
triangles). Break off value is shown by the dashed line. 

1973; Adams and Weatherly, 1981; Vincent et al., 
1982). Nielsen ( 1984) has also compared measured 
suspended sediment concentration profiles under 
waves with the predictions by a similar exponen- 
tial-decay equation. Only a few attempts have been 
made to model SSC profiles under combined waves 
and currents (Vincent and Green, 1990; Vincent 
et al., 1991), and these have generally shown that 
the predicted concentrations are an order of magni- 
tude different from the measured concentrations. 
An exception is the recent work of Wiberg et al. 
( 1994). By considering the effects of bed armouring 
and suspension stratification, they found good 
agreement between predicted and measured light 
attenuation values at two heights. In light of the 
modified ripple predictor (Eqs. 10 and 11) and 
empirical y. function of Eq. 14, the Duck experi- 
ments provide an excellent set of data to test the 
applicability of the Rouse equation under com- 
bined waves and currents for conditions ranging 
from low energy fair weather to high-energy storm 
and swell situations. 

Recent flume experiments by Hill et al. (1988) 
suggests that the resuspension coefficient y0 should 
be a constant of 1.3 x 10e4. But field measurements 
by Drake and Cacchione (1989), Vincent et al. 
( 1991) and this study (Fig. 10) all show that y. 

can be affected by bed armouring, changing ripple 
roughness and increasing cohesion at depth in the 
substrate. A constant y,, of 1.3 x 10m4 and appro- 
priate BBL parameters are used in Eqs. 12 and 13 
to calculate suspended sediment concentrations for 
the 1985 and 1988 experiments, respectively. Time 
series of these model-predicted concentrations are 
plotted in Fig. 11 against the measured concen- 
trations at selected heights for all three experi- 
ments. This comparison shows that using the 
constant y0 of 1.3 x lop4 underestimates the sus- 
pended sediment concentration by more than one 
order of magnitude for the 1985 fair-weather 
experiment and for most bursts of the 1985 storm 
experiment. Better agreement is found towards the 
end of the 1985 storm experiment and for the 1988 
swell condition since yO= 1.3 x 1O-4 is reasonably 
close to the estimated y0 based on measured 
sediment concentrations under these energetic 
conditions. Even in the 1988 high-energy swell 
conditions, differences of an order of magnitude 
are found between the measured and model pre- 
dicted concentrations at upper heights (20 and 
50 cm) for some of the bursts (Fig. 1lC). This 
large discrepancy between measured and model 
predicted SSC profiles indicates that a constant y. 
of 1.3 x 10e4 generally under-predicts suspended 
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sediment concentration by an order of magnitude 
for the low to moderately high energy conditions 
and thus can not be used in predicting suspension 
profiles under the combined wave and current 
flows in shoreface environments. 

In contrast, we have used the empirical y0 rela- 
tionships given in Eq. 14 to calculate y0 based on 
the skin friction excess shear stress S. This variable 

loooo I 

yO, together with the BBL parameters calculated 
from the GM model using the modified ripple 
predictor given in Eqs. 10 and 11, is then used in 
Eqs. 13 and 12 to recalculate the suspension profiles 
for all three Duck experiments. Time series of these 
recalculated concentrations are plotted in Fig. 12 
against the measured concentrations at the same 
corresponding heights as those shown in Fig. 11. 
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Fig. 11. Time series of measured and model-predicted suspended sediment concentrations at selected heights for (A) the 1985 
fairweather period, (B) 1985 storm period and (C) 1988 experiment. Constant resuspension coefficient of 1.3 x 10m4 was used in the 

model prediction. 
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Fig. 12. Time series of measured and model-predicted suspended sediment concentrations at selected heights for (A) the 1985 
fairweather period, (B) 1985 storm period and (C) 1988 experiment. Time variable resuspension coefficient was used in the model 
prediction. 

Comparing Fig. 11 and Fig. 12 clearly shows that Fig. 12 shows that the predicted suspension peaks 
significant improvement is obtained in predicting seem to lag behind the peaks of the measured 
suspension profiles by the use of a variable yo: the sediment concentrations (e.g. hours 10 and 34 in 
model predicted sediment concentrations are gen- Fig. 12B and hour 5 in Fig. 12C). These peaks 
erally within a factor of 2 from the measured generally correspond to the maximum ripple rough- 
concentrations and the variation trends are also ness shown in Fig. 4, indicating that the depen- 
in reasonable agreement. Close examination of dency of y0 on ripple roughness is probably over 
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weighted in the empirical Eq. 14 obtained through 
linear regression. The concentration at 10 cm height 
was not predicted well by the model for the 1988 
experiment, but the predictions for 20 and 50 cm 
heights are better (Fig. 12C). Another striking 
characteristic is that when steady current shear 
velocity u*, above the wave boundary layer is 
significantly lower than the corresponding settling 
velocity, the model tends to severely under-predict 
sediment concentrations for the upper heights, such 
as for hour 10 in Fig. 12A, hours 1, 3, 7 and 9 in 
Fig. 12C. In these cases, smaller settling velocities 
above the wave boundary layer (say wsl =u*J or 

120 _’ 

100 : 

80 

60 ; 

Hour 2 

complete bottom grain size distribution has to be 
used for better suspension profile predictions. The 
evaluation of the effects of mixed grain sizes on the 
computations of SSC is beyond the scope of this 
paper, but a good discussion can be found in 
Wiberg et al. ( 1994). 

To better evaluate the suspension profile predic- 
tion by the Rouse equation, predicted and mea- 
sured vertical SSC profiles are plotted in Fig. 13 
for the 1985 fair-weather period, Fig. 14 for the 
1985 storm period and Fig. 15 for the 1988 swell 
condition respectively. With a few exceptions, the 
model predicted suspended sediment concentration 
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Fig, 13. Measured (dots) and model-predicted (circles) suspended sediment concentration profiles for the 1985 fairweather period. 
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Fig. 14. Measured (dots) and model-predicted (circles) suspended sediment concentration protiles for the 1985 storm period 

profiles are in good agreement with the measured 
concentration profiles. The average difference, 
taken as predicted concentration minus measured 
concentration then divided by the measured con- 
centration, is 562% for the 1985 fair-weather 
experiment, +51% for the 1985 storm period and 
+ 63% for the 1988 swell experiment. These results 
are very encouraging given the fact that errors 
within an order of magnitude are often considered 
acceptable in predicting suspended sediment con- 
centrations under combined flow field conditions. 
It is also interesting to see the close agreement in 
the exponential decay trend with height between 
the field measurements and model predictions. 

This clearly suggests the general applicability of 
the modified Rouse equation given in Eq. 12 to 
the combined wave-current flows, provided that 
the BBL parameters and resuspension coefficient 
are correctly calculated. 

In their field measurements of suspended sedi- 
ment concentration profiles on shorefaces, Vincent 
and Green (1990) and Vincent et al. (1991) find 
that the GM model predicts a more uniform 
concentration gradient close to the bed than that 
shown by the measured profiles. They also find 
that the model-predicted wave boundary layers are 
too thick compared to that given by the measured 
concentration profiles for the low energy run 
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Fig. 15. Measured (dots) and model-predicted (circles) suspended sediment concentration profiles for the 1988 experiment. 

(fig. 11 of Vincent et al., 1991). The lowest mea- Drake, 1990) and thus the height of the wave 
sured concentrations in the last four bursts of our boundary layer under low energy conditions. They 
1988 experiment (hours 11 to 17 in Fig. 15) are also arbitrarily chose z= 2 cm to calculate the 
within the wave boundary layer. The concentration reference concentration and resuspension coeffi- 
gradient predicted by the model and wave bound- cient. This has resulted in relatively smaller y0 
ary layer height indicated by this gradient change compared to our study (see Fig. 10). The combina- 
are in good agreement with that suggested by tion of smaller y0 and overestimated wave bound- 
the measured concentration profiles. Vincent and ary layer height could explain the difference in 
co-workers have used the original ripple predictor concentration gradient and wave boundary layer 
of Grant and Madsen (1982), which generally height between their measurements and model 
overestimates ripple heights (Cacchione and predictions. 
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6. Discussions and conclusions 

( 1) The combined data of measured ripples from 
the Duck experiments and the Scotian shelf experi- 
ment suggest that the Grant and Madsen ( 1982) 
method overestimates ripple roughness for com- 
bined flow conditions, while the Nielsen (1981) 
method tends to under-predict ripple roughness. 
A modified ripple predictor (Eqs. 10 and 11) is 
proposed based on the Grant and Madsen method, 
and it is shown to give good predictions for the 
measured ripple roughness from the above men- 
tioned field experiments. However, above conclu- 
sions and the general applicability of the proposed 
predictor await more high-quality field data for 
different grain sizes and wave-current flow condi- 
tions. For burst 9 in Fig. 6, an upper-flow regime 
flat bed resulted in zero ripple roughness, but the 
ripple predictor gave moderate ripple roughness. 
Thus it is important that a sheet flow criterion is 
included in a ripple predictor. 

(2) Sand resuspension and reference concen- 
tration variation are controlled by the balance of 
near-bed skin friction shear stress and ripple devel- 
opment. Under low-energy fair-weather condi- 
tions, ripples are in equilibrium range and ripple 
roughness increases with the bed shear stress. This 
increased ripple roughness causes stronger vortex 
activity close to the bed and thus a higher resuspen- 
sion coefficient yO. Reference concentration c,, can 
reach moderate values due to this ripple-enhanced 
resuspension, even though bed shear stresses are 
low (Fig. 7). Under high-energy storm conditions, 
the break off criterion is met and ripple roughness 
decreases with bed shear stress. This reduces vortex 
activity close to bed and sand resuspension coeffi- 
cient is thus decreased. The combination of 
medium to high bed shear stresses and reduced yet 
still moderate ripple roughness leads to very effec- 
tive sand resuspension, and reference concen- 
trations are very high (Fig. 8). As bed shear stress 
is further increased, ripples are almost washed out 
and this minimum ripple roughness dramatically 
reduces sand resuspension and reference concen- 
tration reaches the lowest values despite the very 
high bed shear stresses (Fig. 9). When bed shear 
stress is increased beyond the sheet flow condition, 
resuspension coefficient and reference concen- 

tration should increase with bed shear stress in 
theory. However, development of bed armouring 
layer and increased grain cohesion with sediment 
depth can limit these parameters to their minimum 
values. The upper plane bed Shields criterion under 
waves can be defined as &,=0.413D-“~4, where 
grain size D is in millimeters (Komar and Miller, 
1975). Based on this criterion, sheet flow occurred 
in the last two bursts of the 1988 experiment. Our 
estimated y. and co values shown in Fig. 9 seem 
to suggest relatively low reference concentrations 
and resuspension coefficients around 1.3 x 10e4. 
This is in agreement with Hill et al. (1988), Vincent 
et al. (1991) and Madsen et al. (1993). 

(3) When a constant y. of 1.3 x 10m4 and 
modified Rouse equation are used to calculate 
suspended sediment concentration profiles, the 
predicted sediment concentrations are one to two 
orders of magnitude smaller than the measured 
concentrations. However, when a time variable 
resuspension coefficient together with the modified 
Grant and Madsen ripple predictor is used in the 
Rouse equation, the predicted suspended sediment 
concentrations are generally within a factor of 2 
from the measured suspended sediment concen- 
trations. These results suggest that sand resuspen- 
sion coefficient y. should not be a constant, but 
rather its value should increase with bed shear 
stress in the equilibrium range and decrease with 
bed shear stress in the break off range. The 
modified Rouse equation can be used to predict 
suspended sediment concentration profiles under 
combined wavecurrent flows, provided that the 
bottom boundary layer parameters and sand resus- 
pension coefficient are correctly evaluated. 

(4) When current shear velocity u.+, above the 
wave boundary layer is significantly lower than 
the median settling velocity of the bottom sedi- 
ment, the model severely under-predicts suspended 
sediment concentrations at higher elevations. 
Ideally, after the ripple roughness and BBL param- 
eters are properly evaluated, the complete bottom 
grain size distribution and lowest measured con- 
centration should be used to obtain sand resuspen- 
sion coefficient and predict the suspension profiles, 
instead of assuming constant settling velocities 
above and below the wave boundary layer. 
Complete grain size data were not available for 
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the 1985 and 1988 experiments. Total grain size 
distribution data were obtained in a 1992 field 
experiment. Though this was not from the bottom 
sediment samples of the 1985 and 1988 experi- 
ments, nevertheless it was used to recalculate y0 
and this is then used to predict suspension profiles 
in Eq. 12. The overall agreement between the mea- 
sured and predicted suspension profiles was slightly 
improved, but the improvement is not significant 
for those bursts in which u*, is small. Our primary 
conclusion is that the modified Rouse equation 
does not properly predict suspended sediment con- 
centration when u*, is significantly smaller than 
the median settling velocity of the bottom sediment 
and that other factors such as horizontal advection 
or bed armouring should be examined. Fortunately 
smaller u.+, means smaller steady current velocities 
above the wave boundary layer so that this under- 
estimate will not significantly affect the suspended 
sediment flux calculation. 
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