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Abstract 

Near-bed measurements of waves, currents, seabed responses and ripple migration rates were obtained using an 
instrumented tripod at a water depth of 39 m on the Scotian Shelf during the winter of 1992/93. These data and the 
Grant and Madsen’s (1986) [Grant, W.D., Madsen, O.S., 1986. The continental shelf bottom boundary layer. Annu. 
Rev. Fluid Mech. 18, 265-305.1 combined-flow boundary layer model are used to examine wave-current interaction, 
various sediment dynamic thresholds and sediment transport on an exposed, high-energy continental shelf. The seabed 
was found to be rippled for most time of the deployment and thus the ripple-enhanced combined skin-friction shear 
velocity had to be used to determine the initiation of bedload transport under combined flows. This indirectly indicates 
adequate predictions of the skin-friction shear velocities inside the wave boundary layer by the Grant and Madsen 
model. At high transport stages, bedload roughness must be added to the grain size roughness to obtain a transport- 
related combined shear velocity in order to predict correctly the onsets of saltation/suspension and sheet flow 
transports. Otherwise, the initiation of suspended load transport and the total sediment transport rates will be severely 
under-estimated. The comparison between the prediction by the Grant and Madsen (1986) model and the calculation 
of a quadratic stress law suggests that the total current shear velocity was enhanced by a factor of 2-3 due to the 
wave-current interaction during storms, while the apparent bottom roughness was increased by more than an order 
of magnitude. The non-linear coupling between waves and currents also causes a 20% increase of the combined skin- 
friction shear velocity inside the wave boundary layer. This non-linear coupling is most important when waves and 
currents are roughly equal in magnitude and the angles between them are less than 30”. Four sediment transport 
formulae were tested. While the Engelund-Hansen total-load and Yalin bedload methods did not perform well, the 
Einstein-Brown and Bagnold formulae were found to, respectively, give reasonable predictions of the bedload and 
total-load sediment transport rates under the observed combined-flow conditions. The predicted sediment transport 
direction is also in good agreement with the observed ripple migration direction. The GSC sediment transport model 
SEDTRANS92 predicts that the net daily transport rates during the storms reached 822 kg m-l day-’ and were 2-3 
orders of magnitude higher than the non-storm transport, suggesting the dominance of storm processes in sediment 
transport on the Scotian Shelf. These values are in good agreement with the results from sand tracer experiments 
conducted in this region. We thus conclude that SEDTRANS92 can properly simulate boundary layer dynamics and 
sediment transport on continental shelves. 0 1997 Elsevier Science B.V. 
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1. Illtroduction 

Seabed responses to combined waves and cur- 
rents differ from those to unidirectional flows. The 
bottom boundary layer (bbl ) models developed by 
Smith ( 1977) and Grant and Madsen ( 1979) pre- 
dict the enhanced wave and current shear stresses 
and the resultant near-bed velocity profiles in a 
combined flow. These models have been extended 
later to include effects of movable rough bed and 
suspended sediment stratification (Smith and 
McLean, 1977; Grant and Madsen, 1982; Glenn 
and Grant, 1987). Estimates of current shear veloc- 
ities, u.+.,, and apparent roughness length, zoc, 
above the wave boundary layer using velocity 
profiles obtained from the California shelf (Grant 
et al., 1984; Cacchione et al.. 1987; Drake and 
Cacchione, 1992) and the Nova Scotian Shelf 
(Huntley and Hazen, 1988) have verified certain 
aspects of these models. However, the experiments 
to date have been conducted either over mud-rich 
sediments which do not produce well-formed bed- 
forms, or the physical bed roughness and its tem- 
poral variation were not well specified. Therefore 
field measurements of wave-current dynamics and 
seabed roughness in diverse shelf and nearshore 
environments are still required (Cacchione and 
Drake, 1990). 

Since mean current shear stress above the wave 
boundary layer is determined by the physical bed 
roughness as well as wave-current interaction, the 
precise knowledge of the bedforms is important to 
model verification. As ripples are developed, they 
alter near-bed pressure gradients, cause flow sepa- 
ration and vortex shedding, and induce form drag. 
Recent studies have evaluated the effects of ripple 
formation on near-bed velocity profiles, skin 
friction/form drag partition, and sand resuspen- 
sion (Vincent et al., 1991; Wiberg and Nelson, 
1992; Li, 1994; Li et al., 1996). Geometries of 
wave ripples have been measured in numerous 
field and laboratory experiments (Inman, 1957; 
Carstens et al., 1969; Mogridge and Kamphuis, 
1972; Dingler and Inman, 1976; Miller and Komar, 
1980a,b; Boyd et al., 1988). Several predictors of 
wave-formed ripples have been proposed ( Nielsen, 
1981; Grant and Madsen, 1982; Mogridge et al., 
1994; Wiberg and Harris, 1994). However, few 

papers report the formation and geometry of rip- 
ples under combined waves and currents (Amos 
et al., 1988; Arnott and Southard, 1990). Sediment 
transport can be accurately predicted only if 
threshold criteria can be properly defined for the 
various phases of sediment transport (bedload 
traction, saltation/suspension and sheet flow). 
Although these thresholds are reasonably estab- 
lished for pure waves and pure unidirectional flows 
( Bagnold, 1956; Komar and Miller, 1975a,b; 
Madsen and Grant, 1975; Miller et al., 1977; Yalin 
and Karahan, 1979), solutions and field data for 
combined flows are limited (Hammond and 
Collins, 1979; Amos et al., 1988; Kapdasli, 1990). 
The sheet flow threshold for combined flows is 
unknown due to the greater difficulty of observa- 
tion in the field. 

Bedload transport takes place only within a few 
grain diameters of the bed, so no instrument is 
available to accurately measure bedload in the 
field. Yet bedload transport is a part of the total 
load transport and can be significant when coarse- 
grained sediment or large bedforms are involved. 
Tracer sand and ripple migration measurements 
have been used to quantify bedload transport and 
to test various predictive models in the marine 
environment ( Lees, 1983; Heathershaw, 198 1; 
Sternberg, 1972; Amos et al., 1997) but more field 
measurements of bedload transport under complex 
combined flows are needed. 

An instrumented tripod (RALPH ) was deployed 
on Sable Island Bank, Scotian Shelf in 39 m of 
water during the winter of 1992/1993 to monitor 
near-bed wave-current dynamics and seabed 
responses over well-sorted, medium sand. As 
RALPH measured currents at only two heights, 
we cannot test combined-flow bbl models, but 
rather our first objective is to provide needed field 
measurements of waves, current and associated 
seabed responses over a medium sand bed in a 
wide range of relative wave and current strengths. 
Estimates of bed stress from the combined-flow 
model of Grant and Madsen (1986, hereafter 
GM86) are compared to calculations using the 
quadratic stress law to quantify the enhancement 
of bottom shear stresses due to the non-linear 
interaction between waves and currents. Nearly 
700 seabed photographs were taken by RALPH 
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to successfully capture various seabed states, rang- 
ing from no transport, through active ripple and 
saltation/suspension, to sheet flows. Thus the 
second objective of this paper is to correlate these 
observed bed states with wave-current data to 
define the threshold criteria for various sediment 
transport phases under combined-flow conditions. 
The generation and classification of ripples, their 
dynamic transition and bed roughness predictions 
are presented in separate publications. It is well 
known that storm processes dominate sediment 
transport on continental shelves (Smith and 
Hopkins, 1972; Butman et al., 1979; Swift et al., 
1986a,b), but the magnitude and direction of storm 
transport are not well known. So the third objec- 
tive of this study is to utilize the available ripple 
migration rate measurements from Sable Island 
Bank to evaluate the applicability of various exist- 
ing sediment transport formulae to combined flows 
and to simulate sand transport in storms. 

2. Field method and data analysis 

2.1. Study site and instrumentation 

Sable Island Bank is located about 150 km off 
the southeast coast of Nova Scotia (Fig. l), on 
the east coast of Canada. It is underlain by approx- 
imately 20 m of well-sorted Holocene sand, 
moulded into a series of shoreface-connected 
sand ridges. Tidal currents are semidiurnal ellipses 
rotating 360” in a clockwise direction over a tidal 
cycle. Peak tidal flows reach 0.35 m/s and are 
strongly anisotropic (northeast to southwest). 
Waves generally come from the south and south- 
west due to the sheltering by Sable Island to the 
north. Peak significant wave heights and mean 
wave periods can reach 6-8 m and lo- 13 s, respec- 
tively, during the winter months (December to 
February), while the summer significant wave 
heights are less than 2 m. Detailed reviews of the 
physical oceanography and surficial geology can 
be found in Mobil Oil Canada Ltd. (1983) and 
Amos et al. (1988). 

The instrumented tripod RALPH (Heffler, 
1984) was deployed at site 1 on Sable Island Bank 
(Fig. 1) from January 17 to February 14, 1993. 

The tripod measured oscillatory and steady flows, 
hydrostatic pressure, and near-bed suspended sedi- 
ment concentration. The water depth at the study 
site was 39 m and bottom sediment was composed 
of well-sorted medium quartz sand with a mean 
grain size D =0.34 mm. RALPH was equipped 
with two SACM acoustic current meters at 0.5 
and 1 .O m above the bed, a Viatran 218-12 (250 
psi) pressure transducer at 1.5 m above the base, 
two SeaTech optical transmissometers at 0.3 and 
0.7 m and a KVH c-100 flux gate compass mounted 
at a height of 1.4 m. A Minolta 601 super-8 movie 
camera was mounted at 1.5 m with a flash at 
0.55 m from the seabed. The nodal line of the 
camera was 20” from the vertical to give a field of 
view of 1.0 x 1.5 m in size. A shadow bar was also 
installed (0.17 m above the bed and 0.45 m out- 
ward away from the vertical of the flash) for ripple 
height and wavelength measurements. The system 
was controlled by an Onset computer and data 
were recorded on an Onset TattleTale Model 6 
data logger with a 20 Mbyte hard disk. For this 
study, RALPH was programmed to sample all the 
sensors every 2 h for 18 min at a frequency of 
1 Hz. Two seabed photographs were taken 15 min 
apart for each sampling burst to monitor seabed 
responses. The current meters were calibrated in a 
towing tank before the deployment, but the trans- 
missometers were not calibrated and thus transmis- 
sion percentages will be used here as a qualitative 
measure of the suspended sediment concentration. 

2.2. Data analysis 

For each time series, the following burst-average 
parameters were first obtained: mean water depth, 
h, mean current velocity 1 m above the bed, z.+~, 
mean current direction, Cdir, and mean suspended 
sediment concentration (as % transmission) at 
0.7 m above the bed, SSCl. The depth-time series 
was de-meaned to obtain the wave height record 
which was used to compute the wave energy den- 
sity spectrum. Wave period, T, was estimated from 
the peak of this spectrum and the significant wave 
height was obtained from 

H =4M0.5 
s 0 (1) 

where MO is the first moment (area under the 
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Fig. 1. The location map showing the study region on Sable Island Bank, Scotian Shelf. 

spectrum) of the wave energy density spectrum. 
For each velocity-time series, the mean value was 
removed and the u - v components of the maxi- 
mum orbital velocities were plotted and the mean 
wave direction, Wdir, was then determined by a 
linear least-squares fit to this scatter diagram. The 
burst average depth h, mean current velocity uloO, 
significant wave height H,, peak spectral wave 
period T, mean sediment diameter D and the acute 
angle between waves and currents were then used 
as input to the GM86 combined-flow bottom 
boundary layer model to compute current shear 
velocity, u*, , wave shear velocity, u*,_, combined 
wave-current shear velocity, u*,,_ (s in the sub- 
script here denotes the skin-friction component), 
wave boundary layer height, a,, apparent bottom 
roughness above the wave boundary layer, zoc, 
and other bbl parameters for further data analysis. 

The RALPH images were digitized using a com- 
puter-controlled film advancing system, a photo 

enlarger and a Sony video camera. The photo 
enlarger projected each frame directly onto the 
CCD of the video camera and the video signal 
was digitized using a Matrox frame-grabber in a 
PC. The digitized images were then analyzed using 
the Geographical Resources Assessment (GRASS) 
software package for seabed state classification, 
ripple geometry and ripple migration rate measure- 
ments. For each image, ripple wavelength, ,4, was 
directly measured by referencing to the scales on 
the shadow bar. Ripple height, q, was calculated 
by knowing the light-shadow bar geometry and 
measuring the horizontal distances between the 
shadow and shadow bar for the ripple crest and 
trough, respectively. The ripple crest lines were 
traced (digitized) in GRASS and each pair of these 
digitized vector files was overlain to obtain the 
ripple migration rate, &. If the measured ripple 
migration rate was smaller than the GRASS digiti- 
zation resolution (0.1 mm/min), no motion was 
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defined as the bed state. If seabed images were 
clear and & 20.1 mm/min, bedload transport 
would be classified. Observation of sand clouds 
and the general deterioration of image clarity 
marked the initiation of saltation/suspension, while 
the combination of strong image blurring and 
clearly recognized flat bed would indicate the 
upper-plane bed sheet flow condition. 

3. Results 

3. I. Overview of data 

Fig. 2 shows the time series of (a) the burst- 
averaged water depth, h, (b) mean velocity at 1 m 
above the seabed, uioo, (c) significant wave height, 
H, and spectral peak wave period, T, and (d) 
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Fig. 2. Time series of the RALPH data collected during the 1992/93 winter deployment on Sable Island Bank: (a) mean water depth 
(m), (b) mean velocity 100 cm above the seabed (uIW , cm/s), (c) significant wave height (If_ m) and peak spectral wave period (I”, 
s), and (d) suspended sediment concentration (in transmission %). 



suspended sediment concentration. SSCI, 
expressed in transmission percentage 0.7 m off the 
seabed for the entire experiment. The depth--time 
series in Fig. 2a clearly shows the semidiurnal tidal 
oscillation in the study region. One neap tide and 
two spring tides occurred during the experiment. 
The tide range was 0.5 m during the neap tide and 
increased to 1.5 m during the spring tide. The peak 
tidal current velocity was around 0.35 m/s during 
the spring tide, but reached only about 0.2 m/s 
during the neap tide (Fig. 2b). The dominant 
direction of the peak tidal flows was to the north. 
northeast and south, southwest. 

Three significant storms occurred during the 
experiment and are marked as events 1, 5 and 8 
in Fig. 2c, respectively. During these storms, sig- 
nificant wave heights were larger than 2 m and 
spectral peak wave periods were more than 13 s. 
Three lesser storms also occurred during the 
deployment (events 3, 4 and 6). H, was between I 
to 2 m and T was around IO-12 s, respectively. 
Two calm periods occurred around days 6 and 25, 
during which H, was smaller than 0.5 m and T 
was about 8 s. These are marked as periods 2 and 
7 in Fig. 2c. Fig. 2a,b,c shows that storms did not 
affect surface elevation, but the tidal velocity oscil- 
lation was changed from semidiurnal for the non- 
storm condition (days 20-25) to nearly diurnal 
during storms (days O-5 and days 1 O- 15). The 
time series of the suspended sediment concen- 
tration in Fig. 2d shows three suspension events 
(at the beginning, the 12th day and the end of the 
deployment). These correspond with the three 
significant storms. Three minor peaks of SSC also 
occurred at day 7, day 9 and day 13 and were due 
to the passage of the three less-energetic storms 
(events 3, 4 and 6). 

3.2. Sediment dynamics thresholds 

Shields-type diagrams can be used to define 
bedload threshold for both unidirectional and 
oscillatory flows (Komar and Miller, 1975a; 
Madsen and Grant, 1975). Although Shields 
parameters have also been commonly used to 
determine bedload threshold under combined 
flows, data supporting their use under combined 
flows are very limited (Drake and Cacchione, 1986; 

Amos et al., 1988). The critical Shields parameter 
(fl,,) is obtained in this study based on a modified 
Yalin ( 1977) method given in Miller et al. (1977). 
The Shields curve is divided into three segments: 

log& = 0.045 vlE> 3000 (2a) 

log&, = O.l321og~Z--- 1.804 100 ldZ:< 3000 

(2b) 

logo,, = 0.041 (logdjE)2 

-0.356logv&O.977 dZ< 100 (2c) 

where V,Z is the Yalin parameter defined as 
[(p, -p)gD3/pv2]o.5, in which ps is the sediment 
density, p is the fluid density, g is the gravity 
acceleration and v is the kinematic fluid viscosity. 
For D =0.034 cm at the study site, Eqs. (2a). (2b) 
and ( 2c) give H,, = 0.043 and this means the critical 
shear stress r CT = H,,(p, - p)gD = 2.33 dynes/cm’ or 
a critical shear velocity u*,., = (~,,jp)~.~ = 1.5 1 cm/s. 

Suspension according to Bagnold (1956) will 
occur when the vertical components of the turbu- 
lent velocity are roughly equal to the grain’s 
settling velocity, IV,: 

U*cr, = 0.8rr, (3) 

For D=O.O34 cm, the settling velocity )v, is 
4.36 cm/s based on Gibbs et al. (1971 ). Thus the 
critical shear velocity for suspension u*,,, is equal 
to 3.49 cm/s from Eq. (3) and the critical Shields 
parameter for saltation/suspension will be 
il,,, =0.23. As bed shear stress is further increased. 
ripples will be washed out and sediment transport 
occurs under the upper-plane bed sheet-flow condi- 
tion. For unidirectional flows, Bagnold ( 1956) 
related the sheet Ilow critical Shields parameter 
(O”,? ‘up’ in the subscript stands for upper-plane 
bed) with the sediment internal friction angle 3 
and the bottom sediment volume concentration 
(‘b: (I,, = c,,tana. For waves, Nielsen ( 1981) pro- 
poses that H,, should be approximately 1 .O regard- 
less of grain size. While the values of sediment 
internal friction angle itself is controversial and 
hard to determine (Miller and Byrne, 1966; Li and 
Komar, 1986), it is also intuitive that 0, should 
be dependent on grain size. In contrast, Komar 
and Miller ( 1975b) use the wave-flume data of 
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Manohar (1955) to obtain the following 8,, func- 
tion: 

(j =O 4130-0.396 
UP . (4) 

where sediment grain size D must be in mm. The 
present study adopts this method because it is 
simple to use, dependent on grain size and is 
supported by laboratory data. When D=O.34 mm 
is brought into Eq. (4), one obtains Qup =0.64 or 
ueUp = 5.8 cm/s. 

The time series of the combined wave-current 
shear velocity (u,,,,) predicted by the GM86 
model is plotted in Fig. 3a in order to evaluate the 

critical shear stresses for various sediment trans- 
port phases under combined flows. Circles repre- 
sent observed conditions of no transport, triangles 
are active rippled bed (bedload transport), squares 
indicate saltation/suspension and diamonds repre- 
sent sheet flow conditions. The dashed lines define 
the established critical shear velocities for the 
initiation of bedload transport and for 
saltation/suspension as given by Eqs. (2a), (2b), 
(2~) and (3). When ripples were transitional 
(between wave and current forms), the complex 
ripple pattern prohibited any clear determination 
of ripple migration. Also when waves were pre- 
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Fig. 3. Time series of the combined shear velocity: (a) the skin-friction shear velocity IA *CWs predicted by the GM86 model using grain 
roughness only, and (b) the ripple-enhanced shear velocity u*,,, (for bursts of u.+,, <U *CI) 
bursts of u 

and bedload shear velocity u_.~ (for 
*EWS >u,,). The bedload shear velocity was predicted using the sum of the grain roughness and the bedload roughness of 

Grant and Madsen (1982). The dashed lines represent the established critical shear velocities for bedload (u*,, = 1.51 cm/s), 
saltation/suspension (u*,,, = 3.49 cm/s) and sheet flow (u,,, = 5.8 cm/s) transports, respectively. 
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dominant over currents, measured ripple migration 
rates were below the digitization resolution of 
GRASS. Thus observations of these conditions 
were not used in obtaining Fig. 3. No motion and 
bedload transport data are well separated in 
Fig. 3a, but the boundary between them is clearly 
below the established bedload critical shear veloc- 

ity u*cr = 1.5 1 cm/s. Also the separation between 
bedload and saltation/suspension at u._,, = 2 cm/s 
as defined by the triangles and squares in Fig. 3a 
is significantly less than the established 
saltation/suspension threshold of u*,,, = 3.49 cm/s. 
The ripple wash out and sheet flow occurs around 
3 cm/s as defined by the squares and diamonds. 
This value is again much below the critical value 
of U*,p = 5.8 cm/s given by Komar and Miller 
(1975b). 

The poor agreement between the data for bed- 
load motion and the established value u*,, = 1.5 1 
cm/s, however, does not necessarily mean that the 
GM86 model is under-predicting or that the 
Shields parameter is not applicable under com- 
bined-flow conditions. Seabed photos show that 
except during upper-plane bed bursts, the seabed 
was always covered by ripples. The Shields curve, 
however, is largely based on flat bed flume data. 
It is well established that when ripples are present, 
shear stress will increase from the ripple trough to 
the crest (Paola, 1983; Wiberg and Nelson, 1992; 
Li, 1994). Flume experiments by Kapdasli and 
Dyer (1986) and Kapdasli (1990) also demonstrate 
that the Shields curve can be used to determine 
the threshold shear stress over ripples under both 
unidirectional and combined wave-current flows 
as long as the maximum skin friction at the ripple 
crest is used. The GM86 model predicts the com- 
bined shear stress for an assumed flat bed and 
thus gives the spatially averaged shear stress, not 
the maximum at the ripple crest. Based on velocity 
measurements of Du Toit and Sleath ( 198 1 ), 
Nielsen (1986) suggests the following method to 
obtain the ripple-enhanced shear velocity u*,,~ at 
the ripple crest: 

u*,,, = u*,,, I( 1 - V/k) (5) 

Wiberg and Nelson ( 1992) obtained a similar 
function based on their shear stress measurements 
over symmetric ripples, Due to the lack of a tested 

ripple predictor for combined flows, the average 
ripple steepness y/A=O.125 for the site-l data was 
used in Eq. (5) to calculate u.+,,, and these ripple- 
enhanced shear velocities are plotted in Fig. 3b for 
the no-motion bursts and those bedload bursts in 
which u*,,, < u*,,. A clear separation between the 
no-motion (circles) and rippled-bed (triangles) 
data is again defined and this separation is in 
excellent agreement with the critical shear velocity 
ZI*,, = 1.51 cm/s as given by the standard Shields 
curve. This agreement thus suggests that the stan- 
dard Shields parameter is applicable to the com- 
bined-flow conditions, but it has to be compared 
to the enhanced combined shear velocity at the 
ripple crest when ripples are present. If the calcula- 
tion of u*,,, in Eq. (5) is correct, it provides 
indirect evidence that the Grant and Madsen com- 
bined-flow bbl model gives adequate predictions 
of the combined skin-friction shear velocity inside 
the wave boundary layer. 

The large discrepancy between the data defined 
saltation/suspension and sheet flow thresholds and 
the established values according to Bagnold (1956) 
and Komar and Miller (1975b) seen in Fig. 3a is 
more difficult to explain. We believe that the 
enhanced shear velocity at the ripple crest, u*,,,, 
can only cause very localized saltation/suspension 
and it is the average shear velocity that causes the 
observed overall suspension transport. In high 
transport stages, ripple height is also dramatically 
reduced making the enhancement of shear velocity 
at the ripple crest insignificant. For these reasons, 
the average shear velocity has to be used in defining 
suspension and sheet flow criteria. Wave motion 
has been parameterized quite differently by various 
investigators using the significant wave height, H, 
(Huntley and Hazen, 1988; Amos et al., 1988; 
Green et al., 1990), one-tenth largest waves, 
Hlllo (Larsen et al., 1981; Drake and Cacchione, 
1986) and the maximum wave height, H, (Grant 
et al., 1984). Hlilo has also been used in the GM86 
model for this study and this causes a 15-20% 
increase in u.__ which is still much below the 
standard threshold values. The GM86 model uses 
only grain size roughness height k,, =2.50 to 
predict skin-friction shear velocity, even under the 
suspension and sheet flow conditions. When sedi- 
ment transport occurs, however, a portion of the 
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flow power is spent in overcoming the grain-to- 
grain friction force and maintaining a thin bedload 
transport layer. Based on analytical analyses and 
pressure-conduit data, Wilson (1988) showed that 
the friction factor at high transport stages was 
poorly controlled by the grain size roughness, but 
it correlated well with the thickness of the bedload 
layer. In partitioning skin friction from form drag 
over bedforms (Smith and McLean, 1977; Wiberg 
and Nelson, 1992; Li, 1994) and in calculating 
sediment transport rates for steady flows (Nielsen, 
1992), the sum of the grain roughness height kbg 
and the roughness height due to bedload trans- 
port, kbt, has generally been used to obtain a 
transport-related shear stress. In light of these 
considerations, the original bedload roughness 
height algorithm of Grant and Madsen (1982) was 
used to calculate the thickness scale of the bedload 
layer, h,, and the bedload roughness height kbt: 

h, =42(~,/~ +0.5)De,,[(8,,,/e,,)“.5 -0.712 (6a) 

kbt =3.8/r,, (6b) 

where t$,_ = 2 pu*,,,/(p, - p)gD is the skin-friction 
combined Shields parameter. The sum of kbg and 
kbt from Eqs. (6a) and (6b) was then used in the 
GM86 model to compute the bedload shear veloc- 
ity $,,b. The V&u% of x,_,b predicted in this way 
are re-plotted in Fig. 3b for the suspension/sheet- 
flow bursts and those bedload bursts where 

u*cws 2 u*,,. For those bedload bursts of 

u*,,s < U*cr 3 only weak sediment transport occurs 
at the ripple crest (due to u.+,, > u*.,) and bedload 
roughness is probably less significant. Thus &,_,b 
was not computed for these bursts. At moderate 
transport stages, we find the transition from bed- 
load transport (triangles) to saltation/suspension 
(squares) to be well separated. But the value of 
u*,b at this transition is only around 2.8 cm/s and 
significantly less than the theoretical u.+,,, = 3.49 
cm/s. At higher transport stages, the predicted 

bedload shear velocity at the transition from sus- 
pension to sheet flow is at about 4.5 cm/s and this 
is much below the sheet flow criterion of 5.8 cm/s. 
However, wave tunnel measurements by 
Sawamoto and Yamashita (1986) show that the 
bedload layer height ranges from 2 to 6 times the 
grain diameter under sheet flow conditions. 

Eq. (6a) predicts h, to be 600 at the sheet flow 
threshold u.+,~ = 5.8 cm/s, about one order of mag- 
nitude too high. Therefore it seems that the bed- 
load roughness algorithm of Grant and Madsen 
(1982) over-predicts the thickness scale of the 
bedload layer, but under-predicts the bedload 
roughness height kbt due to the small proportional- 
ity coefficient in Eq. (6b). We thus conclude that 
the bedload roughness method of Grant and 
Madsen (1982) does not apply under the com- 
bined-flow conditions. 

Based on the steady-flow flume data of Guy 
et al. (1966) and a function proposed by Dietrich 
(1982), Wiberg and Rubin (1989) suggest the 
following: 

h, =0.68Dr,/(l +azZ*) (7) 

where t+ =r,,_/ z,, is the normalized shear stress 
and a2 is a grain size related coefficient given by 
az = 0.0204( lnD)2 + 0.0221nD + 0.0709. Bedload 
roughness height is then related to h,, through: 

k,, = 1.68/Z,,,, (8) 

This bedload roughness height was used to run 
the GM86 model and the predicted bedload shear 
velocity is plotted in Fig. 4a in a similar fashion 
as in Fig. 3b. In comparison with the established 
criterion of u.,_ and u*_,, the Wiberg and Rubin 
method clearly under-predicts the bedload shear 
stress under the combined flows: the values of 
u._,b at the transition from bedload to suspension 
and that from suspension to sheet flow are only 
about 2.5 and 3.3 cm/s, respectively. Based on the 
laboratory measurements of energy dissipation 
rate under oscillatory flows of Carstens et al. 
( 1969) and the unidirectional flume data of Wilson 
(1966) on bedload transport under high shear 
stresses, Nielsen (1992) suggests that bedload 
roughness height under waves is about one order 
of magnitude higher than under unidirectional 
flows for a given shear stress. Since Wiberg and 
Rubin based their function on the unidirectional 
flume data of Guy et al. (1966), it will under- 
predict bedload roughness height and hence the 
bedload shear velocity for suspension and sheet- 
flow transport modes. 

Based on the wave tunnel measurements of 
Sawamoto and Yamashita (1986) and the theoreti- 
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cal arguments of Nielsen (19921, we propose the 
following algorithm for the prediction of bedload 
layer height for combined waves and currents: 

h,, = 2.9D(U,,, - flc,)o~75 (9) 

This function was used to compute h,, and 
Eq. (6b) with an adjusted proportionality coeffi- 
cient was used to calculate the bedload roughness 
height kbt. The sum of this k,, and the grain 
roughness height was then used in the GM86 
model to compute the bedload shear velocity 
u_,,~. The proportionality in Eq. (6b) was adjusted 
so that the model-predicted u.+,,~ at the transition 
from suspension to sheet flow was approximately 
equal to the established sheet-flow threshold 

u.+,~ = 5.8 cm/s. This adjusting gave us 

k,, = 1 SOh,, (10) 

The bedload shear velocities calculated from the 
GM86 model using Eqs. (9) and (10) are plotted 
in Fig. 4b for the suspension/sheet-flow bursts and 
those bedload bursts in which u.__ >u.,.,~. The 
predicted u*,,~ at the transition from suspension 
to sheet flow now agrees well with the established 
u.+_, = 5.8 cm/s as it should due to the proportion- 
ality adjustment in Eq. (10). However, the value 
of u ._.,, at the transition from bedload to suspen- 
sion is also in good agreement with the suspension 
threshold u*,,, = 3.49 cm/s. This lends support to 
our adjustment in Eq. (10) and suggests that bed- 



M.Z. Li et al. / Marine Geology 141 (1997) 157-181 167 

load shear velocity due to the sum of grain and 
bedload roughnesses should be compared against 
the established threshold shear velocities to prop- 
erly determine the onsets of suspension and sheet- 
flow transport modes under combined-flow 
conditions. 

3.3. Wave-current interaction 

Data from several field experiments have shown 
that the GM model adequately predicts the 
enhanced total current shear velocity (u,,) and 
apparent roughness (z~) above the wave boundary 
layer and that the enhancement is due to the 
wave-current interaction under the combined 
flows (Grant et al., 1984; Cacchione et al., 1987; 
Huntley and Hazen, 1988; Green et al., 1990; 
Drake and Cacchione, 1992). Since velocity was 
only measured at two heights in this study, we can 
not derive reliable u,, and zoc from the velocity 
data to test the GM86 model. In this section, bed 
stress estimates from the GM86 model are com- 
pared to calculations using the quadratic stress 
law to quantify the enhancements of shear stress 
and bed roughness over a medium sand bed under 
a large range of wave and current strengths. 

For steady currents, the bed shear stress can be 
obtained from the quadratic drag law: 

r, = P C10&Xl (11) 

where C,, is the drag coefficient at 100 cm above 
the bed. Total current shear velocity is then com- 
puted from u*, =(~,/p)‘.~. The typical value of 
C,, over a rippled sand bed (as is the case here) 
is 0.003 (Sternberg, 1972). This Ciao value and 
measured Q,,, were used in Eq. ( 11) to obtain the 
drag-coefficient-based total current shear velocity, 
U*c_cn, for each burst. Assuming no wave effect, 
this U,, -cn should be due to the total roughness: 

&,,_oR =2.5D/30+27.7($/~)/30 (12) 

where the ripple roughness height 27.7(q2/n) is 
based on Grant and Madsen (1982); q and I are 
predicted by a combined-flow ripple predictor (Li 
and Amos, 1997) based on the data from Sable 
Island Bank. In order to quantify the enhancement 
of u*, and zoc due to wave-current interaction 
only, the GM86 model was run using grain and 

ripple roughnesses with bedload roughness being 
eliminated. In this case, the model-predicted total 
current shear velocity, u*~._~, and the apparent 
bottom roughness, z+~, were only due to the 
grain-ripple roughness plus the wave-current inter- 
action. The ratio of U*,-M/U*,._cn is plotted as a 
time series in Fig. 5a, while the time series of 
zOc-GR and Z~_~ are compared in Fig. 5b. Figs. 5c 
and 5d, respectively, show the time series of Cloo 
based on the model-predicted total current shear 
velocity and the ratios of u,,/u~,-,& &, here is the 
near-bed wave orbital velocity. Fig. 5a shows that 
the total current shear velocity was enhanced by 
20% during non-storm periods (marked 2 and 7 in 
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Fig. 5. (a) The ratio of u*~-,,,/u*~-~~, (b) .zOE-oR and z~-~, 

(c) CIOO, and (d) the ratio of ub/ulW plotted as a function of 
time to quantify the enhancement of total current shear velocity 
and apparent bottom roughness due to wave-current inter- 
action. See text for definition and explanation. 
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Fig. 5d), while the wave-enhanced u*, reached 2-3 
times higher than the drag-coefficient-based 
n*,_cn during storms (1, 3, 5 and 8 in Fig. 5d). 
The comparison of z0c-M and zOc-oR in Fig. 5b 
indicates that the apparent roughness felt by the 
steady current above the wave boundary layer was 
increased more than one order of magnitude 
during storms, the maximum values reaching about 
10 cm. This roughness enhancement was 2-3 times 
even during the current-dominated non-storm 
periods. The average CloO based on model-pre- 
dicted u.+, was 0.0074, about 2.5 times the conven- 
tional value of 0.003 for rippled beds. It is also 
interesting to note that the model-predicted C,,, 
ranged from 0.021 to 0.027 during storms, but 
decreased to 0.004 (close to the conventional C,,, 
value) on the average during the non-storm 
periods (zQ,/u~~~ < 1). 

It has been well accepted that wave and current 
motions cannot be treated separately and then 
superposed to get the combined shear stress, but 
rather non-linear coupling of the two has to be 
considered. Past studies have concentrated on the 
enhanced total current shear velocity and apparent 
bed roughness above the wave boundary layer, 
but few have quantitatively evaluated the enhance- 
ment of the skin-friction shear velocity inside the 
wave boundary layer. In order to do so, we use 
the simple method of Swart (1974) to calculate 
pure wave friction factor: 

f, =exp[5.213(k,,/Ab)0.‘94 -5.9771 (13) 

where k,, =2.50/30 is again the grain roughness 
height and Ai, is the near-bed wave orbital ampli- 
tude. The skin-friction wave shear stress (hence 
wave shear velocity u 

=O 5/,j- Ub The cor;;k)nr&r$nCobfained from z . 2 
100 =0.0015 of 

ST&nberg 11972) for smooth sand bottom is used 
in Eq. ( 11) to calculate the skin-friction current 
shear velocity and stress (r,,). rwsr z,, and the angle 
between the wave and current (&,) are then used 
to vectorially compute the linearly added skin- 
friction combined shear velocity u.+,,, _ L. The ratio 
of the model-predicted u._,, to u*,,,,_~ is plotted 
as a time series in Fig. 6 (the upper curve) in 
comparison with the time series of u._,,/u.,_ (the 
lower curve). Fig. 6 shows that the non-linear 
coupling has increased the skin-friction shear 

velocity by as much as 20% compared to the 
linear-addition calculation. When either waves or 
currents are dominant (u.+,,/u*,, >> 1 or << 1 ), non- 
linear coupling is weak and the enhancement of 
u *__ is generally less than 5%. Troughs Tl, T3 
and T5 in Fig. 6 correspond to wave-dominated 
condition, while troughs T2 and T4 are current- 
dominated cases. In contrast, the maximum 
enhancement of u*,,, due to non-linear coupling 
generally occurs when waves and currents are of 
equal strength (u.+&L,.., z 1, see peaks Pl, P3 and 
P5 in Fig. 6) or waves are slightly stronger than 
currents (u*~&*~~ slightly higher than 1, peaks P2 
and P4). 

The angle between waves and current, &,, also 
affects the non-linear interaction and u.,_, 
enhancement. The ratio of the model-predicted to 
linearly added u*cws is plotted in Fig. 7 as a func- 
tion of &, for various relative strengths of waves 
vs. currents. The circles, triangles, squares and 
diamonds in the diagram represent u*,,/u.,.,, of 
0.5, 1.0, 1.5 and 3.0, respectively. The individual 
data curve for each fixed u.,_,,/u.,_ ratio as well as 
the combined data trend show that the enhance- 
ment of u*,,, due to non-linear coupling over the 
linear addition decreases from 20% to about 5% 
as the angle between waves and current is increased 
from ~20” to about 90”. This effect of relative 
wave-current direction appears to become negligi- 
ble when &, is approximately less than 20”. For a 
fixed angle between waves and current, Fig. 7 
shows that the maximum enhancement of u.+_ 
due to non-linear coupling is for U.&U*,, = 1.0 
(the curve defined by triangles in Fig. 7) and this 
enhancement becomes weaker when u*,,/u*,, is 
either larger or smaller than 1.0. For instance, the 
maximum u*,,, ratio is about 1.2 for 

u*ws IU ._ = 1.0 data group at &, =40”. This ratio 
decreases to 1.15 for current-dominated conditions 

(u /u*,, *WS =0.5) and drops further to 1.10 for the 
wave-dominated bursts (u._,/u*~~ = 3.0). This 
finding further supports the conclusion drawn 
from Fig. 6. 

3.4. Sediment transport predictions 

Many sediment transport formulae have been 
proposed for use under unidirectional flows and 
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Fig. 7. The variation of model-predicted vs. linearly added skin- 
friction combined shear velocity, u_,,/u.+,,_~. as a function 
of the angle between waves and current, &,. Circles, triangles, 
squares and diamonds represent u_,.,/u.+,, =0.5, 1.0, 1.5 and 
3.0, respectively. 

they have been extensively compared with river or 
flume data (Ackers and White, 1973; White et al., 
1975). There have been few attempts to test the 
use of these formulae under combined waves and 
currents. Results of radioactive and fluorescent 
tracer experiments have been used by various 
investigators to evaluate the applicability of these 
unidirectional sediment transport formulae in the 

marine environment (Gadd et al., 1978; 
Heathershaw, 198 1; Lees, 1983; Pattiaratchi and 
Collins, 1985). These studies show that the differ- 
ence between the measured and predicted transport 
rates and among the predictions by various formu- 
lae can be more than one order of magnitude. 
There is no consensus on the best formula for 
prediction in the marine environment. Kachel and 
Sternberg ( 1971) measured velocity profiles and 
ripple migration rates in a tidal channel to compare 
various transport formulae. Based on the total 
shear velocity obtained from the velocity profiles, 
they found that a modified Bagnold bedload for- 
mula gave reasonable predictions. The only 
attempt that used measured ripple migration rates 
to test unidirectional transport formulae under 
combined waves and currents is that of Amos et al. 
( 1997). Based on the ripple migration rates and 
tripod data collected on the Scotian Shelf in 1982, 
they find that when wave shear velocity of Grant 
and Madsen (1979) is combined with the current 
shear velocity based on a constant Cloo =0.003, 
the Einstein-Brown (Brown, 1950) bedload for- 
mula gave reasonable prediction compared to the 
measured bedform transport rates. However, 
ripple height was not measured in the 1982 experi- 
ment and was calculated from a current ripple 
relationship according to Allen (1970). Ripple 
height, ripple migration rates and boundary layer 
dynamics were all measured under variable condi- 
tions in this study. Armed with more advanced 
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combined-flow bbl theory, we intend to use these 
data to evaluate the applicability of various unidi- 
rectional-flow transport formulae under combined 
flows and to examine the sediment transport pat- 
terns under storm and non-storm conditions in 
this section. 

The bedload sediment transport rate can be 
obtained by considering the volume of sediment 
involved in the migration of ripples. For ripples of 
height q and migration rate R,. the mean mass 
transport rate per unit width per unit time will be: 

qrn = O.~Y, rl&, (14) 

where pb is the bulk sediment density (= 1.8 
g/cm3). Kachel and Sternberg ( 1971) suggested 
that the maximum transport rate at the ripple crest 
should be twice that given by Eq. (14). We are, 
however, more concerned with the mean trans- 
port rate. 

A continental shelf sediment transport model 
(SEDTRANS) has been developed at the 
Geological Survey of Canada (Atlantic) (Martec 
Ltd., 1984, 1987; Davidson and Amos, 1985; Amos 
and Judge, 1991). This model has recently been 
upgraded to SEDTRANS92 by Li and Amos 
(1995). SEDTRANS92 incorporates the following 
unidirectional sediment transport formulae. 

The Engelund and Hansen (1967) total-load 
equation: 

45 =O.O~~~:,,P~~~,/[~(AP~)~I (15) 

where q, is the volume rate of sediment transport, 
u.+ is the skin-friction shear velocity and Ap is 
equal to ps -p; 

The Einstein-Brown (Brown, 1950) bedload 
equation: 

q, =~OD~,(P/AP@)~U:. IX+ I (16) 

where u’, is the sediment grain settling velocity 
given by Gibbs et al. ( 1971); 

The Bagnold (1963) total-load equation: 

4. = &%&&00/(Ps - P)g ( 17a) 

K=O.OOSexp (0.7s) (17b) 

where K is the proportionality coefficient according 
to Sternberg (1972) and S=Z,,,/T,, - 1 is the nor- 
malized excess shear stress; and 

The Yalin ( 1963) bedload equation: 

qs =0.635Du,[S-( l/a)ln( 1 +uS)] (18) 

where the empirical coefficient a is equal to 
2.45(p/‘p,)0.4(t,,/ApgD)o.5. The instantaneous com- 
bined skin-friction shear velocity II*,,, is compared 
to the critical shear velocity II*,, to determine if 
sediment transport will occur. The x and y compo- 
nents of sediment transport are considered sepa- 
rately, where x is parallel to the wave direction 
and .I’ is normal to the wave direction. The current 
and wave shear velocities and the angle between 
them given by the GM86 model are used to 
vectorially compute the shear velocities and hence 
sediment transport rates in the x and _r directions, 
respectively. The .Y and J’ components of the 
instantaneous sediment transport rate so calcu- 
lated are integrated over a wave cycle and divided 
by the wave period to determine the average 
sediment transport rates in these directions. These 
average transport rates are then added vectorially 
to obtain the time-averaged total sediment trans- 
port rate and direction. The Bagnold method 
assumes that waves cause sediment entrainment, 
while currents cause net transport. Thus integ- 
ration is not required. The details of model struc- 
ture, theories and operation are given in Li and 
Amos (1995). 

The measured sediment transport rates are com- 
pared with the predicted transport rates by the 
Engelund-Hansen method in Fig. 8a and Fig. 8b. 
The average combined skin-friction shear velocity, 
u*,,,,,, of the GM86 model was used to determine 
the threshold for bedload transport in Fig. 8b. The 
plots show that though the predicted transport 
magnitude is comparable to that of the bedform 
transport rates, SEDTRANS92 significantly 
under-predicts sediment transport frequency and 
duration. The model predicts no transport for 
many bursts, yet ripple migration was clearly mea- 
sured. This under-prediction is most likely due to 
the use of the average shear velocity over a rippled 
bed (as discussed in Section 3.2). Based on the 
measured ripple geometry, the ripple-enhanced 
combined shear velocity, u*_, as given by Eq. (5). 
was used to determine the threshold of bedload 
transport in running SEDTRANS92 (but the 
average skin-friction shear velocity I+_,, was still 
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Fig. 8. Time series of (a) measured bedload sediment transport rate, Q,, in comparison with the predicted sediment transport rates, 
Q,, by the Engehmd-Hansen formula using (b) the skin-friction shear velocity, u._, and (c) the ripple-enhanced shear velocity, 
u;,.,,,, for bedload threshold determination. 

used in the calculation of sediment transport rates) 
and the result is shown in Fig. 8c. Comparing 
Figs. 8a and 8c indicates that the use of this ripple- 
enhanced shear velocity has increased the fre- 
quency of the predicted sediment transport events 
so that the model predictions are in better 
agreement with the measured bedform transport 
rates. Closer examination of (a) and (c) in Fig. 8, 
however, shows that the Engelund-Hansen total- 
load method still under-predicts for most of the 
transport peaks and, for some sediment transport 
bursts, the model still predicts zero transport 
(about 26% of the total transport bursts). This 
under-prediction is expected since the GM86 
model assumes wave-dominated conditions, but 
currents were stronger than waves during a signifi- 
cant portion of the 1992 Sable Island Bank experi- 
ment. The Smith ( 1977) model is applicable under 
current-dominant combined flows, but it signifi- 
cantly under-estimates the wave shear stress under 
storm conditions and is not compatible with the 

GM86 model. Amos et al. (1988,1997) have found 
that using the GM wave shear stress and a simple 
current shear stress based on CIoo =0.003 of 
Soulsby (1983) best predicts the bedload transport 
rates under current-dominant combined flows. The 
same approach is adopted here to replace the GM 
current shear velocity with the current shear veloc- 
ity based on Cl00 = 0.003 in running 
SEDTRANS92 when currents are dominant over 
waves. The time series of the predicted sediment 
transport rates are plotted in Fig. 9 for all of the 
four formulae. Comparing the Engelund-Hansen 
predictions in Fig. 9a with Fig. 8, we find that the 
incorporation of the Soulsby current shear velocity 
in the model gives the best predictions of sediment 
transport magnitude and frequency. A careful 
comparison between Figs. 9 and Sa also indicates 
the following. (a) Though the Engelund-Hansen 
total-load method correctly predicts the magnitude 
of sediment transport rates under low to moderate 
energy levels, it fails to predict any increase in 
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Fig. 9. Time series of model-predicted sediment transport rates based on (a) the EngelmSHansen total-load formula, (b) the 
Einstein-Brown bedload formula, (c) the Bagnold total-load formula. and (d) the Yalin bedload formula. 

sediment transport rate during the storms at days 
2, 12 and 28, respectively. Thus it cannot be used 
for total load prediction under storm conditions 
on continental shelves. (b) The transport frequency 
is under-predicted by the Yalin bedload method, 
yet the overall magnitudes are over-predicted. (c) 
Both sediment transport magnitude and frequency 
under low to moderate energy are correctly pre- 
dieted by the Einstein-Brown bedload method and 
the Bagnold total-load method. These formulae 
also predict significant increases in sediment trans- 
port rates during the storms and thus seem to be 
most promising for application to combined flows 
on continental shelves. 

The scattergrams of measured and predicted 

sediment transport rates are given in Fig. 10 for 
the various formulae in order to further examine 
the applicability of these methods to the combined 
waves and currents on the continental shelf. The 
dashed lines represent the perfect agreement and 
the triangles are the data for fine sand collected 
during a similar field experiment conducted on the 
Sable Island Bank in 1982. The data in Fig. 10 
only include those bursts for which the bedload 
shear velocity, u._,,,,, is below the ripple breakoff 
threshold of Grant and Madsen (1982) so that 
contamination of transport rates due to sand salta- 
tion, bypassing, and suspension is avoided. These 
plots show that the Yalin method (Fig. 10d) under- 
predicts for low transport rates, but over-predicts 
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Fig. 10. Scatter plots of the measured vs. predicted sediment transport rates for (a) the Engehmd-Hansen total-load formula, (b) the 
Einstein-Brown bedload formula, (c) the Bagnold total-load formula, and (d) the Yalin bedload formula. Circles represent data from 
the present study over medium sand, and triangles are the 1982 Sable Island Bank data over fine sand. 

for high transport bursts. While the 
Engelund-Hansen, Einstein-Brown and Bagnold 
methods all seem to give reasonable prediction 
with an error less than one order of magnitude, 
the Bagnold method produces the least scatter 
(Fig. 10~). The Engelund-Hansen, Einstein- 
Brown and Bagnold methods are further compared 
as time series in Fig. 11 for the bursts in which 
bedload sediment transport rate has been mea- 
sured. A similar comparison is also shown in 
Fig. 12 for the 1982 Sable Island Bank data over 
fine sand sediment (D = 0.23 mm). All three formu- 

lae again show good predictions compared to the 
measured bedform transport rates. However, sus- 
pended load transport should become dominant 
for fine sand deposits during storms and thus a 
total-load formula should predict higher transport 
rates than a bedload formula under such condi- 
tions. For the medium sand of the 1992 data, 
suspended load transport seldom occurred. Both 
the Bagnold and Engelund-Hansen total-load for- 
mulae give roughly the same predictions of sedi- 
ment transport rates as that of the Einstein-Brown 
bedload method (Fig. 1 la,b). For the fine sand of 
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the 1982 data, the Bagnold formula correctly pre- 
dicts significantly higher sediment transport rates 

compared to the predictions of the Einstein-Brown 

bedload method under the storm around day 15 
in Fig. 12, while the Engelund- Hansen formula 

fails to do so. We conclude that while the 
Engelund-Hansen, Einstein-Brown and Bagnold 
methods all give reasonable predictions of the 
bedload transport rate under combined waves and 
currents, the Bagnold total-load method should be 
used to predict the total sediment transport rates 
under the storm conditions. The Yalin method 
does not give adequate predictions of sediment 
transport under the present observational 

conditions. 
The capability to predict sediment transport 

direction under combined flows is no better than 

that for transport rate. Pattiaratchi and Collins 

( 1984) found that predicted bedload transport 

direction under combined waves and currents was 
eastward in the Bristol Channel which was oppo- 

site to the transport direction suggested by sand 

wavejmegaripple orientations. Based on the 

discrepancy between model-predicted and tracer- 
derived sediment transport directions for the 
Venture discovery site on Sable Island Bank, 
Hodgins and Sayao ( 1986) also raised doubt about 
the assumption that waves only stir up sand and 
currents determine net sediment transport. Amos 
et al. ( 1997) have compared ripple patterns and 
directions of waves and currents under low-energy 
summer conditions on the Scotian Shelf. They 
propose that wave- and current-formed ripples 
co-exist under combined flows and current ripples 
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Fig. 12. Time series of the predicted sediment transport rates using (a) the Engelund-Hansen total-load and Einstein-Brown bedload 
formulae, and (b) Bagnold total-load formula in comparison with (c) the measured bedform transport rates for the 1982 Sable Island 
Bank data over fine sand sediment. 

generally migrate in the current direction for cur- 
rent-dominant combined flows. Under combined 
waves and currents, although waves oscillate 
+ 180”, the residual combined shear stress is in the 
direction for which the wave stress forms an acute 
angle with the co-existing current stress. Thus the 
net sediment transport should be between the wave 
and current directions, following the direction of 
the combined shear stress, r,,, (see details in Li 
and Amos, 1995). The measured ripple migration 
direction of the present study is plotted in Fig. 13 
against the model-predicted sediment transport 
direction using the Bagnold total-load method. If 
ripple migration and predicted transport directions 
are, respectively, in the NW and NE quadrants, 

360” is then added to the smaller value to be used 
in obtaining Fig. 13. Fig. 13 clearly shows that the 
model-predicted transport directions agree reason- 
ably well with the measured ripple migration direc- 
tions, the predicted directions being 30” higher 
than the ripple migration direction on average. 

Assuming that the Bagnold total-load formula 
gives adequate prediction of the total sediment 
transport rate and direction under combined flows, 
the time series of the net daily sediment transport 
rate (kg m-i day-‘) and direction (true north) 
are plotted in Fig. 14 in comparison with the skin- 
friction wave shear velocity, u._,,. The net daily 
transport rates during storms (days 2 and 12) were 
2 to 3 orders of magnitude higher than that during 
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Fig. 13. The predicted mean sediment transport direction by the 

Bagnold total-load method plotted against the measured ripple 

migration direction. 

the non-storm periods (days 4-6 and 23327). 
These storm transport rates reached 306 and 
822 kg m-’ day-‘, respectively, and are in good 
agreement with the 480 kg m -’ day ’ value 
obtained from radioactive tracer experiments for 
this region during the winter months (Hodgins 
et al., 1986). This suggests that SEDTRANS92 
properly predicts the total-load sediment transport 
rates representing the conditions of an exposed 
storm-dominated continental shelf. Amos et al. 
(1997) find that the maximum net daily transport 
rate was IO-15 kg m-l day-’ based on the 1982 
summer Sable Island Bank data. These are compa- 
rable to the magnitudes during the non-storm 
periods of this study (days 4-6 and 20-25 in 
Fig. 14), which are equivalent to the summer low- 
energy, tide-dominated condition. During non- 
storm periods, currents are mostly responsible for 
any sediment transport. The net transport direction 
is determined by the peak current direction. For 
instance, the peak tidal current directions were 
345” and 83” for days 5 and 23, respectively, the 
net sediment transport was thus to the north (353”) 
and east (92”) for these two days. Since peak tidal 
directions are generally to the northwest--north-n- 
ortheast and southwest-south-southeast on the 

Sable Island Bank, net daily transport during non- 
storm periods is thus mostly (80%) in these direc- 
tions. During storms, however, wave effects 
become important. The direction of net sediment 
transport depends on the relative directions of 
waves and currents at the peak of the storm. In 
storm one (day 2), both wave and current direc- 
tions shifted from northwest to northeast during 
the peak of the storm. Thus the net sediment 
transport was to the north (3.56”). In the second 
storm (day 12), wave direction was to the northeast 
and steady during the whole storm duration. 
Though the peak current occurred at the early 
stage of the storm and was to the northeast (29”), 
the current direction changed from east to south 
(from 117’ to 177”) at the peak of the storm. The 
net daily sediment transport was to the southeast 
( 147^), following the current direction change at 
the peak of the storm, not that of the peak current 
direction at the early stage of the storm. 

4. Discussion and conclusions 

The field data collected from Sable Island Bank 
during the winter of 1992/93 provide us a valuable 
base to study boundary layer dynamics and sedi- 
ment transport on an exposed continental shelf. 
The data clearly indicate that since ripples are 
almost always present on sandy continental 
shelves, it is crucial to use the enhanced combined 
skin-friction shear velocity at the ripple crest to 
determine the onset of bedload transport. Without 
doing so, the sediment transport frequency will be 
under-estimated by 70%. At high stages of sedi- 
ment transport, our analyses suggest that the bed- 
load transport roughness has to be added to the 
grain roughness to obtain the transport-related 
combined shear velocity so that the thresholds for 
saltation/suspension and sheet flow can be cor- 
rectly determined. 

The total current shear velocity and apparent 
bed roughness given by the GM86 model are 
compared to the quadratic stress law to quantify 
the bed stress enhancement due to wave-current 
interaction. We find that the total current shear 
velocity was enhanced 2-3 times during the storms, 
while the current felt an apparent bottom rough- 
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Fig. 14. Time series of (a) the skin-friction wave shear velocity, u*,,, (b) net daily total sediment transport rate, and (c) sediment 
transport direction (SEDIR) predicted by the Bagnold total-load method. The storm events are marked by solid symbols. 

ness that was more than one order of magnitude 
higher than that defined by the ripples and sedi- 
ment grain size. The model-predicted combined 
skin-friction shear velocity is compared to a hn- 
early added skin-friction shear velocity to evaluate 
the enhancement of combined skin-friction shear 
velocity due to the non-linear coupling between 
waves and currents inside the wave boundary layer. 
The results show that non-linear coupling will 
cause a 20% increase of the combined skin-friction 
shear velocity, and that this skin friction enhance- 
ment is strongest when waves and currents have 
roughly equal magnitudes and their angles are less 
than 30”. 

Based on ripple migration measurements, four 
common unidirectional-flow sediment transport 
formulae are tested and evaluated for applications 
under combined flows. While the 
Engelund-Hansen total-load, Einstein-Brown 
bedload and Bagnold total-load formulae are all 
found to give reasonable predictions, the 
Engelund-Hansen method fails to predict any sig- 
nificant increase of sediment transport during 
storms as a total-load formula should do. Though 
the present study suggests that the Einstein-Brown 
and Bagnold methods can be used to, respectively, 
predict bedload and total-load sediment transport 
rates under combined flows, the application of the 



Bagnold total-load formula ( Eqs. ( 17a) and ( 17b)) 
is questionable as it uses the mean velocity uloO in 
the calculation and the direction of ulO,, is different 
from that of the combined shear velocity. u*,~~. 
The Bagnold method also uses the maximum com- 
bined skin-friction shear velocity to determine the 
threshold and calculate transport rate. The oscilla- 
tion of waves and hence the LQ..,, fluctuation are 
not considered. This is physically incorrect. It is 
thus recommended that if available, the correctly 
predicted velocity and suspended sediment concen- 
tration profiles should be used to obtain the sus- 
pended load transport and this should be added 
to the predicted bedload transport to obtain the 
total sediment transport rate. Accurate simulta- 
neous measurements of waves, current profiles, 
ripple migration rates and suspended sediment 
concentration profiles are needed for the full test 
of the applicability of the Bagnold total-load for- 
mula under the combined waves and currents. 

In summary, the analyses of the present data 
support the following conclusions: 

( 1) The Shields-type parameters can be applied 
for the determination of bedload transport initia- 
tion under combined flows. provided that the 
maximum enhanced shear stress at the ripple crest 
is used when ripples are present. Failing to do so 
will cause significant under-prediction of bedload 
sediment transport frequency. 

(2) At high transport stages, a significant por- 
tion of the Bow energy is spent for maintaining a 
bedload transport layer. This bedload roughness 
has to be added to the grain size roughness to 
compute a transport-related shear velocity which 
then can be used to determine the thresholds foi 
the saltation/suspension and upper-plane bed sheet 
flow transports. The bedload roughness algorithms 
of Grant and Madsen ( 1982) and Wiberg and 
Rubin (1989) are found to under-predict under 
combined-flow conditions, while a modified 
method based on Nielsen (1992) and the data of 
the present study gives results that are in good 
agreement with the thresholds for 
saltation/suspension (Bagnold, 1956) and for sheet 
flow (Komar and Miller, 1975b). 

(3) Wave-current interaction during storms 
enhances the total current shear velocity 2-3 times 
compared to current-only conditions and the 

bottom roughness is more than one order of 
magnitude higher than that defined by the sediment 
grain size and ripple geometry. Non-linear cou- 
pling between waves and currents also increases 
the skin-friction shear velocity by as much as 20% 
inside the wave boundary layer. This enhancement 
is strongest when waves and currents are approxi- 
mately equal in magnitude and are separated less 
than 30 . 

(4) Of the four unidirectional flow sediment 
transport formulae tested here, our data show that 
the Engelund-Hansen and Yalin methods do not 
give adequate predictions of sediment transport 
rates under combined waves and currents. While 
the Einstein-Brown bedload and Bagnold total- 
load methods are found to give reasonable predic- 
tions. more complete field measurements are 
needed for the full test of the Bagnold total-load 
method. The measured ripple migration direction 
generally agrees with that of the combined shear 
stress, though the predicted sediment transport 
directions are slightly (30”) higher than the mea- 
sured directions. 

(5) GSC sediment transport model 
SEDTRANS92 predicts that the net daily sediment 
transport rates can reach as high as 822 kg m -’ 
day-’ during storms and these are 2-3 orders of 
magnitude higher than that during non-storm 
periods. These predicted values are in good 
agreement with the results from sand tracer experi- 
ments conducted in this region, suggesting that 
SEDTRANS92 properly predicts sediment trans- 
port on an exposed, high-energy continental shelf. 
The net transport direction during non-storm 
periods on the Scotian Shelf is determined by the 
directions of the peak tidal currents that are mostly 
to the northwest-north-northeast and southwest- 
south-southeast. The direction of net sediment 
transport during storms, however, depends on the 
relative directions of waves and currents at the 
peak of the storm. 
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