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Abstract

Seabed video images and S4 wave–current meter data, collected during the build-up of a moderate storm on the
Scotian Shelf, are analysed for bedform development and sediment transport threshold of fine sand under combined
waves and currents. As the storm built up, the following sequence of bedforms was observed: (1) relict wave-dominant
ripples with worm tubes and animal tracks during the preceding fairweather period; (2) irregular, sinuous, asymmetrical
current-dominant and intermediate wave–current ripples under bedload transport; (3) regular, nearly straight or sinuous
asymmetrical to slightly asymmetrical wave-dominant ripples under saltation=suspension; (4) upper-plane bed under
sheet-flow conditions; (5) small, crest-reversing, transitory ripples at the peak of the storm; and (6) large-scale lunate
megaripples which developed when the storm decayed. These data also show that only single sets of asymmetrical
intermediate wave–current ripples will form when waves and currents are co-linear. The development of the crest-reversing
transitory ripples indicates a high-energy transition stage under quasi-sheet-flow conditions. A direct comparison of the
skin-friction combined shear velocity and the critical shear velocities for bedload, suspension and sheet-flow transport
under-estimated the onset of these sediment transport modes. As the presence of ripples causes the shear stress to increase
from ripple trough to ripple crest, the ripple-enhanced skin-friction shear velocity must be used to determine properly the
initiation of bedload transport. At high transport stages, the boundary layer dynamics is controlled mainly by the thickness
of the bedload transport layer. Thus a transport-related bedload shear velocity, predicted based upon the sum of the grain
roughness and bedload roughness, has to be compared against the conventional threshold criterion to properly define the
onset of suspension and sheet-flow transport modes.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

With an increase in bed shear stress in natu-
ral flows, the following modes of sediment trans-
port will be encountered: bedload, suspension, and
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sheet-flow transport. The threshold criteria for these
transport modes need to be defined properly before
sediment transport rates can be predicted. For wave-
only conditions, several studies have indicated the
applicability of the Shields parameter as the thresh-
old for bedload transport (Komar and Miller, 1974;
Madsen and Grant, 1975). Different threshold crite-
ria have been proposed for sheet flow under waves
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(Manohar, 1955; Komar and Miller, 1975; Dingler
and Inman, 1976; Nielsen, 1981), but no consen-
sus has been reached. For the more complex case
of combined waves and currents, studies on various
transport thresholds are very limited (Hammond and
Collins, 1979; Larsen et al., 1981; Kapdasli, 1990).
These field and laboratory studies generally indicate
the applicability of the Shields parameter for use
under combined waves and currents, though Amos et
al. (1988) propose that partitioned wave and current
shear stresses can be used to approximately define
the bedload threshold for fine sand under combined
flows.

When transport modes change from bedload
through suspension to sheet flow, various bedforms
ranging from small ripples to upper-plane bed will
occur. The correct prediction of bedform types and
their dimensions directly controls the estimation of
bed roughness and shear stress and the sand resus-
pension process (Smith, 1977; Grant and Madsen,
1982; Vincent et al., 1991; Li et al., 1996). Field and
laboratory studies have shown that as the bed shear
stress increases, wave ripples change directly into
upper-plane bed for fine sand, while large-scale wave
ripples can form as an intermediate step between
small ripples and upper-plane bed over medium and
coarse sands (Clifton, 1976; Allen, 1982; Harms
et al., 1982). Bedforms generated under combined
waves and currents are poorly understood. Amos
et al. (1988) have studied ripple types and stability
over fine sand under nearly orthogonal waves and
currents on the Scotian Shelf. There are very few
observations of large-scale ripples under combined
waves and currents, although hummocky megarip-
ples have been observed on continental shelves and
in the nearshore (Swift et al., 1983; Greenwood and
Sherman, 1986; Amos et al., 1996).

In an on-going field study of boundary layer
dynamics and sediment transport processes on the
Scotian Shelf (see Fig. 1), Li et al. (1997) collected
hydrodynamics and seabed response data at a site
of medium sand (Site 1 of Fig. 1). These data were
used by Li et al. (1997) to study the interaction be-
tween waves and currents, the thresholds of various
transport modes, and the applicability of different
transport formulae under the combined-flow condi-
tion. Using that same data set, Li and Amos (1998)
then evaluated the prediction of ripple geometry and

bed roughness under combined waves and currents.
The existing wave-ripple predictors were found not
applicable to combined flows and a new empirical
ripple predictor was thus proposed. Following the
experiment at the medium-sand site, an instrumented
tripod and a S4 wave–current meter were deployed
in a deeper site (Site 2 of Fig. 1) over fine sand sedi-
ment. The complete process of a storm build-up was
recorded; during this, various types of bedforms and
different transport modes were observed. This paper
will present the wave–current dynamics and seabed
response data collected from this fine-sand site. The
results presented in this paper will be a natural fol-
low up of our previous work over medium sand
sediment, and will extend the findings of sediment
transport thresholds over medium sand to fine sand
sediment. Different from the previous data set, the
video camera used in this deployment recorded the
continuous processes of particle entrainment, ripple
migration=oscillation, and the complete wash-out of
ripples under sheet-flow condition. This has enabled
us to study the morphology and dynamic transition
of various bedform types (bedform dynamics) which
was not done in our previous papers.

2. Data collection and analysis

2.1. Regional setting

Sable Island Bank is located about 180 km off
Nova Scotia (Fig. 1), on the east coast of Canada.
The bank is underlain by approximately 20 m of
well-sorted Holocene sand, moulded into a series of
shoreface-connected sand ridges. Tidal currents are
semidiurnal and rotate 360º in a clockwise direction
over a tidal cycle. Peak tidal flows reach 0.35 m=s
near the seabed and are strongly anisotropic (north-
east to southwest). Waves originate generally from
the south and southwest due to the sheltering by
Sable Island to the north. In the study region, peak
significant wave heights and mean wave periods can
reach 6–8 m and 10–13 s, respectively, during the
winter months (December to February). During the
summer, significant wave heights are less than 2 m.
More details of the physical oceanography and surfi-
cial geology can be found in Mobil Oil Canada Ltd.
(1983) and Amos et al. (1988).
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Fig. 1. The location map showing the study region on Sable Island Bank, Scotian Shelf, and the sites of field experiments.

2.2. The study site and instrumentation

An instrumented tripod and a S4 wave–current
meter (InterOcean Systems Inc.) were deployed at
Site 2 (43º3905800N, 60º4905500W) in the study re-
gion (Fig. 1), from February 27 to March 25 of
1993, to collect data on waves, currents, suspended
sediment concentrations and seabed responses. The
water depth at the deployment site was 56 m and a
van Veen grab sample showed the bottom sediment
to be well-sorted fine quartz sand, with a median
grain size .D/ of 0.20 mm. The tripod was equipped

with a pressure transducer located at 1.6 m above the
bottom (ab), six Optical Backscatter Sensors (OBS,
Downing, 1983) at heights ranging from 0.1 to 1.6
m ab, and a Sony 101 video camera with a scaled
shadow bar for ripple geometry and migration mea-
surements. Data were logged on an Onset TattleTale
Model 6 microcomputer, which was programmed to
sample continuously at a frequency of 0.5 Hz. The
video camera recorded the seabed condition for 10 s
every hour.

The InterOcean S4 wave–current meter is a
self-contained, spherical, electromagnetic sensor that
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measures water depth, waves, current magnitude and
direction. Data are stored internally in a 1 Mbyte
solid-state memory. The S4 meter was supported by
a 1:5 ð 1:5 ð 1:5 m stainless-steel weighted base
with the electrodes situated 0.5 m ab. The S4 meter
burst-sampled data for a duration of 10 min every 2
h at a frequency of 1 Hz and was synchronized with
the video camera. The S4 meter was calibrated in a
towing-tank and the average error was about š4%
for a velocity range from 0.03 to 1.5 m=s.

2.3. Data analysis

Each data burst recorded by the S4 meter was
averaged to obtain the mean water depth .h/, the
mean current speed at 50 cm ab .u50/ and its di-
rection .Cdir/. The depth time-series was de-meaned
and used to compute the wave spectral density. The
spectral-peak wave period .Tp/ was estimated from
the peak of this spectrum and the significant wave
height .Hs/ was obtained from 4M0:5

0 where M0 (in
m2) is the first moment of the wave spectral density.
For each velocity time-series, the mean values of
the x (east–west) and y (north–south) components
were removed from the instantaneous speed to obtain
the wave orbital velocities. A least-square regression
line was fitted to the scatter plot of the x and y com-
ponents of the wave orbital velocities to determine
the mean wave direction .Wdir/. The burst-averaged
h, u50, Cdir, Hs, Tp, Wdir and median grain size D
(in form of grain-size roughness height 2:5D/ were
used in the combined-flow bottom boundary layer
(bbl) model of Grant and Madsen (1986, GM86
hereafter) to compute various shear velocities which
were then compared with the observed seabed re-
sponses to evaluate bedform transition and threshold
shear stresses for various transport modes.

Each of the 10 s seabed video records was anal-
ysed for ripple types and bed state classification.
Bedload transport was determined by visual detec-
tion of near-bed sand particle movements at the
ripple crests and=or ripple pattern change between
the two consecutive records. The presence of ‘sand
clouds’ in the water column, together with general
deterioration of image clarity, marks the initiation
of sediment suspension. The combination of sand
suspension and complete local wash-out of ripples
indicates the upper-plane bed sheet-flow conditions.

The scaled shadow bar on the tripod was bent from
its original setting during the deployment process
and thus ripple heights could not be obtained for
this data set. However, the scales on the shadow
bar before it was bent were used to estimate ripple
wavelengths.

3. Results

3.1. General description of data

The S4 meter recorded data from February 27 to
March 25 for a total of 323 bursts. Time-series (in
Julian days, JD) of burst-averaged depth h, mean
current speed u50, significant wave height Hs and
spectral-peak wave period Tp are plotted in Fig. 2
to provide an overview of the data. The depth time-
series (Fig. 2a) clearly shows the semi-diurnal tidal
cycles. The maximum tidal range during spring tides
reached about 1.5 m and the minimum range was
only about 0.5 m during neap tides. The mean cur-
rent speed u50, as shown in Fig. 2b, ranged from less
than 0.1 m=s during neaps to about 0.25 m=s during
springs or storms. The time-series plots of Hs and
Tp (Fig. 2c,d) show one major storm (around Julian
Day 74) and four smaller wave events. Significant
wave height and wave period reached about 7 m and
16 s during the major event, and were 1–3 m and
less than 13 s, respectively, during the four smaller
events.

The OBS sensors on the tripod unfortunately did
not function during this deployment, while the video
camera collected only 120 ten-second records. Nev-
ertheless, these video records were correlated with
the S4 meter data from 2:00 of JD 58 to 4:00 of
JD 60 and provided complete information on waves,
currents and seabed responses during the build-up of
the first storm shown in Fig. 2c. These correlated
video and S4 meter data were analysed further for
bedform development and sediment transport thresh-
old. The time-series of the burst-averaged u50 and Hs

of the S4 data that overlapped with the video data
are plotted in the upper two panels in Fig. 3, and
the observed seabed responses were plotted in the
bottom panel of the figure in which the following
numbers have been assigned to the observed bed
states of increasing energy: 1 D no motion, 2 D
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Fig. 2. Time-series plots of the S4 meter data: (a) burst-averaged mean water depth h (m); (b) mean current speed at 50 cm above the
bottom u50 (m=s); (c) significant wave height Hs (m); (d) spectral-peak wave period Tp (s).

bedload, 3 D suspension, and 4 D sheet flow. Six
representative bedform types observed during this
storm build-up were digitized from the video tape
and are given in Fig. 4. The correlated wave=current
and seabed response data, shown in Fig. 3, can be di-

vided into two parts. The first part was a fairweather
period before hour 39 and the second was a period of
storm build-up from hour 39 to hour 51. During the
fairweather period, the mean current speed u50 was
about 0.1 m=s and the significant wave height Hs was
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Fig. 3. Time-series plots of the correlated S4 meter and video camera data: burst-averaged (a) mean current speed u50 (m=s); (b)
significant wave height Hs (m); (c) observed bed state: 1 D no motion, 2 D bedload, 3 D suspension, 4 D sheet flow.

less than 0.3 m. The seabed was covered with relict
ripples and no sediment movement (NM) was ob-
served (Fig. 3c). The second part of the data shows
that as the storm quickly built up, Hs increased
rapidly from 0.3 m to 3.2 m and u50 reached about
0.25 m=s. Corresponding to the storm build-up, a
sequence of bedload transport (BL), sand suspension
(S) and upper-plane bed sheet-flow transport (SF)
was observed in the videos (Fig. 3c).

3.2. Bedform dynamics

Of the correlated video and S4 meter data, the
video images of the first 20 bursts showed similar
relict ripples, with no sediment transport. Various
transport modes and bedforms only occurred in the
last six bursts. Thus the last eleven bursts have been
selected for further analysis of the boundary layer
dynamics, bedform transition and the thresholds for
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Fig. 4. Representative bedform types observed during the storm build-up process: relict ripples (no motion) in image 17:47; bedload
transport in 18:30; suspension transport in 19:01; upper-plane bed sheet flow in 19:42; sand suspension over crest-reversing transitory
ripples in 20:34; lunate megaripples in 20:05. The numbers were put on these photos during processing only for reference purpose. The
marks on the scale bars represent horizontal distances of 10 cm and 5 cm, respectively, though the bar was bent during deployment.

various sediment transport modes. Table 1 lists the
following: burst number (BT, hours from 2:00 of JD
58), (Julian) day:hour, burst-averaged water depth h,

mean current speed u50, direction of the mean current
Cdir, significant wave height Hs, spectral-peak wave
period Tp, and wave-propagation direction Wdir. The



154 M.Z. Li, C.L. Amos / Marine Geology 158 (1999) 147–160

Table 1
Measured wave and current data of the last 11 bursts of the
correlated S4 and video data

BT Day:Hour h u50 Cdir Hs Tp Wdir

(h) (m) (m=s) (º) (m) (s) (º)

31 59:08 56.0 0.116 218 0.15 12.8 314
33 59:10 55.8 0.094 261 0.21 12.8 338
35 59:12 56.0 0.095 304 0.22 10.7 313
37 59:14 56.3 0.045 303 0.28 10.7 301
39 59:16 56.5 0.047 258 0.62 9.1 301
41 59:18 56.3 0.143 275 0.73 9.1 299
43 59:20 56.0 0.213 276 1.08 10.7 305
45 59:22 55.8 0.274 294 1.47 10.7 301
47 60:00 56.0 0.239 315 2.31 12.8 304
49 60:02 56.5 0.251 334 2.52 12.8 320
51 60:04 56.7 0.046 314 3.18 12.8 325

Mean water depth, h; mean current speed at 50 cm ab, u50,
and its direction, Cdir; significant wave height, Hs; spectral-peak
wave period, Tp; mean wave direction, Wdir. The burst number
(BT, hours from 2:00 Julian Day 58) and Julian Day:Hour are
also given.

wave and current parameters presented in Table 1
were used in the combined-flow bbl model of Grant
and Madsen (1986) to predict various boundary layer
parameters. Grain size roughness alone was first
used in the GM86 model to predict skin-friction
wave .uŁws/, current .uŁcs/ and combined .uŁcws/

Table 2
Observed bedforms and transport modes of the selected bursts

BT u50 ub �cw uŁcws uŁcwe uŁcwb Observed bedforms and bed states
(h) (m=s) (m=s) (º) (cm=s) (cm=s) (cm=s)

31 0.116 0.017 83 0.48 0.81 0.48 no motion; relict wave-dominant ripples with animal tracks and worm tubes
33 0.094 0.024 76 0.45 0.76 0.45 same as above
35 0.095 0.018 9 0.50 0.84 0.50 same as above
37 0.045 0.022 2 0.35 0.60 0.35 same as above
39 0.047 0.026 43 0.38 0.64 0.38 same as above
41 0.143 0.031 25 0.76 1.29 0.76 bedload; irregular, sinuous, asymmetrical ripples with bifurcation; ½ ³ 5–7 cm
43 0.213 0.085 29 1.34 2.15 1.63 bedload; irregular, asymmetrical to slightly asymmetrical ripples with

bifurcation; straight, sinuous and linguoid ripples co-exist; ½ ³ 8 cm
45 0.274 0.116 7 1.79 2.81 2.80 strong suspension; nearly regular, straight and slightly sinuous, asymmetric or

slightly asymmetrical ripples with bifurcation, ½ ³ 10 cm
47 0.239 0.263 10 2.50 2.64 4.63 strong to medium suspension; regular, nearly straight and sinuous

asymmetrical ripples with bifurcation; ½ ³ 10 cm
49 0.251 0.284 15 2.65 2.65 5.02 sheet flow with medium–strong suspension; small, asymmetrical,

crest-reversing transitory ripples with ½ ³ 8–9 cm
51 0.046 0.357 11 2.45 2.53 4.75 moderate suspension; lunate megaripple (½ ³ 0:8 m) changing into small,

asymmetrical, crest-reversing transitory ripples (½ ³ 8 cm)

BT, hours from 2:00 of Julian Day 58. Also listed are mean velocity u50; near-bed maximum wave orbital velocity, ub; the acute angle
between waves and currents, �cw; and various predicted shear velocities (see text for definitions).

shear velocities. The mean current speed u50, the
predicted near-bed maximum wave orbital velocity
ub, the acute angles between waves and currents �cw,
and the skin-friction combined shear velocity uŁcws

are given in Table 2, together with brief summaries
of the observed bedforms and transport modes in
each burst. Since the video camera recorded seabed
conditions every hour and the S4 meter recorded
only one burst of data every two hours, there are two
10 s video records associated with each burst (BT)
of the S4 data in Table 2.

From Julian Day 58 hour 02 to Julian Day 59
hour 16 (hours 0 to 39 in Fig. 3), the observed mean
current u50 was generally less than 0.1 m=s and the
significant wave height Hs less than 0.6 m. Dur-
ing this fairweather period, the video records show
that the seabed was covered with relict cross-ripples
with worm tubes, benthos tracks and abundant sand
dollars (photo 17:47 in Fig. 4). The average wave-
length of these ripples was 5–7 cm. No transport was
observed for this period. According to Amos et al.
(1988) and Li et al. (1997), these ripples are defined
as relict wave-dominant ripples. Two hours later
(hour 41 in Fig. 3 and BT 41 in Table 1), u50 and Hs

had increased to 0.14 m=s and 0.73 m, respectively.
Ripple pattern changes, shown by the consecutive
video records from hours 39 and 41, indicate that
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bedload transport had occurred. The bedforms were
irregular, sinuous, asymmetrical ripples with bifur-
cations. The ripple wavelengths ranged from 5 to
7 cm. At hour 43 (BT 43 of Table 1), u50 and
Hs increased further to 0.21 m=s and 1.08 m, respec-
tively. The video records of this burst (photo 18:30 in
Fig. 4) show that the ripple pattern had changed and
that motions of rolling=saltating of sand grains were
observed at the ripple crests. These suggest bedload
transport mode. Sinuous, linguoid and nearly straight
ripples with bifurcations co-existed in this burst. The
sinuous ripples were asymmetrical and the straight
ripples were slightly asymmetrical. The average rip-
ple wavelength was around 8 cm. The mean current
reached a peak value of 0.27 m=s and the significant
wave height increased to 1.47 m at hour 45 (Fig. 3
and BT 45 of Table 1). The video records from this
burst (photo 19:01 of Fig. 4) show sand clouds in
the water column, indicating transport in suspension
mode. Seabed was covered by nearly regular, straight
or slightly sinuous ripples with bifurcations. These
ripples were asymmetrical or slightly asymmetrical.
The average ripple wavelength was about 10 cm. By
hour 47 (BT 47 in Tables 1 and 2), u50 had reduced
slightly to 0.24 m=s and Hs had increased to 2.31
m. Strong suspension was observed over regular,
nearly straight to sinuous, asymmetrical ripples with
an average ripple wavelength of around 10 cm.

The strongest combination of waves and currents
during this deployment occurred at hour 49 (Fig. 3
and BT 49 of Table 1), in which the mean cur-
rent was 0.25 m=s and Hs further increased to 2.52
m. The video record of the first hour (photo 19:42
in Fig. 4) shows that local ripples were washed
out completely and upper-plane bed sheet-flow con-
ditions prevailed. Strong suspension was observed.
In the second hour of the burst (photo 20:34 in
Fig. 4), the suspension level had decreased. Con-
tinuous, nearly straight, highly asymmetrical small
ripples were observed; their average wavelengths
were around 8–9 cm. These small ripples tend to
first develop at the end of the one-way wave oscil-
lation. They will reverse their migration direction as
the wave reverses, and are then washed out temporar-
ily to change into sheet flow at the peak of the wave
oscillation. In the last burst (hour 51 in Fig. 3 and BT
51 of Table 1), Hs increased to 3.18 m but the mean
current dropped significantly to 0.05 m=s. The video

record from the first hour of the burst (photo 20:05
in Fig. 4) shows moderate suspension over a lunate
megaripple (note the crest of the lunate megarip-
ple running just above and roughly parallel with the
small cross-bar and turning upward abruptly at its
right end). The wavelength of the lunate megaripple
was estimated to be about 80 cm. In the second hour
of the burst, the lunate megaripple was replaced by
small crest-reversing, transitory ripples.

Amos et al. (1988) also studied combined-flow
ripple formation on Sable Island Bank and defined
six types of ripples based on ripple geometry and
distribution patterns. Using their data set, they con-
cluded that wave and current ripples co-existed, with
their relative magnitudes dependent upon the relative
strength of waves and currents, and that intermediate
ripple types due to the combined influence of waves
and currents were not seen. These authors stated also
that these findings were only valid for nearly orthog-
onal waves and currents, and that ripple patterns gen-
erated under co-linear waves and currents were un-
known. The waves and currents of this study were
separated by small angles (7º to 29º) for the selected
bursts 41 to 47 (Table 2). The video records of these
bursts (photos 18:30 and 19:01 in Fig. 4) showed that
only intermediate asymmetrical wave–current ripples
occurred and that co-existing wave ripple and current
ripple sets were not seen. These observations appear
to suggest that, if waves and currents are parallel or
form small angles, combined wave–current ripples in-
termediate between pure wave and current ripples will
form, and that if waves and currents are orthogonal or
form large angles, independent symmetrical wave rip-
ples and asymmetrical current ripples will co-exist to
form a honeycomb (or cross-ripple) pattern. Similar
findings were also obtained in recent wave flume and
wave–current basin experiments on fine-sand trans-
port (van Rijn et al., 1993; van Rijn and Havinga,
1995). It is common for researchers to use the asym-
metrical profile, among other ripple characteristics, to
distinguish current or current-dominant ripples from
wave or wave-dominant ripples under combined-flow
conditions (Amos et al., 1988; Li and Amos, 1998).
The findings from this and previous studies on rip-
ples under co-linear waves and currents (Harms et
al., 1982; van Rijn et al., 1993; van Rijn and Havinga,
1995) indicate that asymmetry of ripple profiles alone
cannot be used to determine if ripples are current-
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dominant or wave-dominant. Other properties have to
be considered to discriminate between these two types
of ripples. Our observation suggests that the interme-
diate wave–current asymmetrical ripples are gener-
ally more regular and straighter with rounded crests,
while asymmetrical current or current-dominant rip-
ples under orthogonal waves and currents are more
irregular, curved with sharp crests and tabular slip
faces. Asymmetry and ripple steepness (height over
wavelength) of wave–current ripples are intermediate
between pure wave ripples and current ripples. The
occurrence of zig-zag bifurcations is also an impor-
tant distinguishing characteristic of the intermediate
wave–current ripples.

The crest-reversing, asymmetrical small ripples,
observed in burst 49, are defined as crest-reversing
transitory ripples according to Harms et al. (1982).
Their occurrence indicates a quasi-sheet-flow condi-
tion as a transition from suspension to upper-plane
bed sheet-flow conditions or vice versa. The transi-
tory ripples were also observed to form during the
transition from sheet flow to lunate megaripples in
burst 51. The formation of these ripples is due to
the oscillatory motion of the combined flow, the near
sheet-flow energetic condition and long wave periods
at this stage of the storm. The asymmetrical pro-
file, regular and long-crestal form of these transitory
ripples, as observed from instantaneous seabed pho-
tos, are difficult to differentiate from lower-regime
straight current ripples. However, the former rep-
resent wave-dominant, high-energy conditions. The
small heights of these transitory ripples, together
with their associated high-energy flow dynamics,
should be used as diagnostic features to avoid possi-
ble mis-classification.

3.3. Thresholds of various sediment transport modes

In theories and numerical models of sediment
transport, it is conventional to use the skin-friction
shear stress or shear velocity to determine the thresh-
old conditions for various sediment transport modes,
i.e. bedload, suspension and sheet flow. Observed
sediment transport modes and the skin-friction shear
velocities uŁcws (predicted by the GM86 model us-
ing grain roughness only) for the listed bursts in
Table 2 are plotted in Fig. 5 (as circles) to evaluate
the thresholds of various transport modes for fine

sand under combined waves and currents. The three
dashed lines in Fig. 5b represent, from bottom to top,
the critical shear velocities for bedload (uŁcr D 1:3
cm=s), suspension (uŁcrs D 2:0 cm=s) and sheet flow
(uŁup D 4:9 cm=s). uŁcr was derived from the Yalin
curve given by Miller et al. (1977) and uŁcrs is ob-
tained from Bagnold (1956), who proposed that the
sand suspension will occur when shear velocity is
roughly equal to the grain settling velocity ws. uŁup

is calculated from Komar and Miller (1975):

�up D 0:413D�0:396 (1)

where �up D ²u2
Łup=.²s�²/gD is the critical Shields

parameter for sheet flow, g is the acceleration due to
gravity, ² and ²s are fluid and grain densities, respec-
tively. D in Eq. 1 is in mm. Fig. 5 clearly shows the
discrepancies between the observed transport modes
and their established critical shear velocities, when
uŁcws is used. Bedload transport was observed to start
in burst 41 (Fig. 5a), but the skin-friction combined
shear velocity uŁcws was only 0.76 cm=s; it is signif-
icantly lower than the required value of uŁcr D 1:3
cm=s (Fig. 5b). Suspension was first observed in
burst 45, yet the predicted uŁcws for this burst was
only 1.79 cm=s; this is again below the critical shear
velocity of uŁcrs D 2:0 cm=s for suspension. Simi-
larly, sheet flow was observed in burst 49 (Fig. 5a)
and the corresponding uŁcws of this burst was only
2.65 cm=s; once again, this is much below the re-
quired critical shear velocity of uŁup D 4:9 cm=s for
sheet flow (the upper dashed line in Fig. 5b).

In an earlier field study on boundary layer dy-
namics and sediment transport over medium sand in
the same Sable Island Bank area, Li et al. (1997)
also found similar discrepancies between uŁcws and
various observed transport modes. Further, Li et al.
argued that when the seabed is rippled, the shear
stress will increase from ripple trough to crest.
Hence, the enhanced shear velocity at the ripple
crest, uŁcwe, should be used to determine the initia-
tion of bedload transport. At higher transport stages,
Li et al. (1997), following the results of other stud-
ies (Smith and McLean, 1977; Wilson, 1988; Wiberg
and Harris, 1994; Li, 1994), proposed that the bound-
ary frictional behaviour is controlled mostly by the
thickness of the bedload transport layer and that a
transport-related bedload shear velocity uŁcwb, pre-
dicted from the GM86 model using the sum of the
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Fig. 5. Comparison between (a) the observed sediment transport modes and (b) various predicted combined shear velocities for the
last eleven bursts of the correlated data. The observed bed states in (a) are as defined in Fig. 3. The three dashed lines in (b) indicate
the critical shear velocities for bedload .uŁcr/, suspension .uŁcrs/, and sheet-flow .uŁup/ transport, respectively. Circles represent the
skin-friction combined shear velocity uŁcws and triangles represent ripple-enhanced combined shear velocity uŁcwe (when uŁcws < uŁcr)
or bedload combined shear velocity uŁcwb (when uŁcws > uŁcr).

grain roughness and bedload roughness, should be
used to determine the onset of sand suspension and
sheet-flow transport. By using these ripple-enhanced
and bedload shear velocities, Li et al. (1997) found
reasonable agreements between the established crit-
ical shear velocities (uŁcr, uŁcrs and uŁup) and the
observed onset of bedload, suspension and sheet-
flow transport over medium sand. In order to extend
these findings to fine sand, similar exercises were
carried out in this study.

The ripple-enhanced shear velocity uŁcwe was cal-
culated according to Nielsen (1986):

uŁcwe D uŁcws

1� ³�=½ (2)

where � and ½ are ripple height and wavelength,
respectively. Because of the absence of ripple height
measurements in this study, the ripple steepness �=½
needs to be predicted before Eq. 2 can be used. A
few recent studies have shown that existing wave-
ripple predictors do not work under the combined
waves and currents (e.g. Cacchione and Drake, 1990;
Osborne and Vincent, 1993; Li et al., 1997). Ripple
data collected over medium sand on Sable Island
Bank (Li and Amos, 1998) show that the steepness
of combined-flow ripples has an average of 0.13.
This is significantly smaller than that of wave ripples
(around 0.17), but higher than that of current ripples
(about 0.1). Therefore the direct use of wave rip-
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ple steepness such as predicted, e.g. by the method
of Allen (1982), will over-estimate the steepness of
the ripples and hence uŁcwe. For these reasons, the
average ripple steepness of 0.13, estimated by Li et
al. (1997) for combined-flow ripples on Sable Island
Bank, was used in Eq. 2 to calculate uŁcwe for bursts
31 to 41 (uŁcws < uŁcr, sediment transport did not
occur). For the remainder of the data bursts in Ta-
ble 2 (uŁcws > uŁcr, sediment transport occurred), a
combined-flow ripple predictor proposed by Li and
Amos (1998) was used to predict ripple heights and
wavelengths which were then used in Eq. 2 to cal-
culate uŁcwe. These calculated values of uŁcwe are
listed in Table 2 for the selected bursts. The skin-
friction combined shear velocity uŁcws was greater
than the bedload critical shear velocity uŁcr for bursts
41 to 51 and general sediment transport occurred
in these bursts. By comparing the predicted bedload
combined shear velocities with values of established
uŁcrs and uŁup for observed suspension and sheet-flow
events over medium sand, Li et al. (1997) and Li and
Amos (1998) have derived and partially tested the
following function of bedload roughness height, kbt,
for combined flows:

htm D 2:9D.�cws � �cr/
0:75 (3a)

kbt D 180htm (3b)

where htm is the thickness scale of the bedload
layer, �cws is the skin-friction combined Shields pa-
rameter computed from �cws D ²u2

Łcws=.²s � ²/gD,
�cr D ²u2

Łcr=.²s�²/gD is the critical Shields param-
eter for bedload transport. The bedload roughness
height obtained from Eqs. 3a and 3b was added
to the grain size roughness height .2:5D/, then the
combined roughness height was used in the GM86
model to predict the bedload shear velocity uŁcwb.
The predicted values of uŁcwb are also listed in Ta-
ble 2.

The time-series of uŁcwe (for bursts in which uŁcws

< uŁcr/ and uŁcwb (for bursts in which uŁcws > uŁcr)
are plotted as triangles in Fig. 5b. From bursts 31 to
39, the values of uŁcwe are higher than uŁcws, but are
still less than uŁcr. Indeed no sediment transport was
observed in these bursts (Fig. 5a). Bedload trans-
port was first observed in burst 41. While uŁcws for
this burst was 0.76 cm=s and significantly less than
uŁcr D 1:3 cm=s, the ripple-enhanced shear veloc-
ity uŁcwe was approximately equal to uŁcr (Fig. 5b);

this indicates that the ripple-enhanced shear veloc-
ity predicts well the initiation of bedload transport.
Suspension and sheet flow were first observed in
bursts 45 and 49, respectively. The predicted bedload
shear velocities for these two bursts are, respectively,
2.8 cm=s and 5.02 cm=s. These are comparable
with the threshold values (Fig. 5b). This observa-
tion demonstrates clearly that the use of the bedload
shear velocity can explain the discrepancy between
uŁcws and the established threshold criterion for sand
suspension and sheet-flow transport under combined
flow conditions.

4. Summary and conclusions

The correlated video and S4 wave–current me-
ter data recorded the build-up of a moderate storm,
during which the significant wave height increased
quickly from less than 0.5 m in fairweather condition
to >3 m at the peak of the storm. The mean current
speed at 50 cm above the seabed increased from less
than 0.1 m=s to about 0.25 m=s. As the storm built
up, a sequence of bedforms was observed. At the
early stages of the storm, relict wave-dominant rip-
ples with worm tubes and animal tracks first changed
into irregular, sinuous, asymmetrical current-dom-
inant and intermediate wave–current ripples under
bedload transport. These bedforms were followed by
regular, nearly straight or sinuous, asymmetrical or
slightly asymmetrical wave-dominant ripples under
strong sand suspension. At the peak of the storm,
the ripples were completely washed out and upper-
plane bed sheet flow prevailed. As bed shear stress
decreased in the last burst of the correlated data
due to the substantial drop of the mean current, the
plane bed under the sheet-flow condition changed
into lunate megaripples as sediment fell out from
suspension. At the transition from suspension to up-
per-plane bed sheet flow during the storm build-up
and also before the sheet flow changed into lunate
megaripples during the decay of the storm, the for-
mation of small, asymmetrical, crest-reversing tran-
sitory ripples were observed under quasi-sheet-flow
condition.

Data from the present and previous studies indi-
cate that when waves and currents are orthogonal or
at large angles, independent symmetrical wave rip-
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ples and asymmetrical current ripples will co-exist to
form cross-pattern ripples. When waves and currents
are parallel or at small angles, intermediate com-
bined wave–current ripples will occur. The asym-
metrical intermediate wave–current ripples can be
differentiated from asymmetrical current or current-
dominant ripples by their rounded crests, straighter
and more regular forms, and associated bifurcations.
Crest-reversing transitory ripples were observed to
develop at the transition between sand suspension
and upper-plane bed sheet flow. The formation of
these ripples is due to the oscillatory motion of the
combined flow, the near sheet-flow energetic condi-
tion and long wave periods at this stage of the storm
process. The small height, strong asymmetry and the
associated high-regime flow dynamics of these tran-
sitory ripples can be used to distinguish them from
the regular lower-regime current ripples.

When ripples are present, the bed shear stress will
increase from the ripple trough to crest. The use
of the average skin-friction combined shear velocity
will underestimate the onset of the bedload trans-
port. The ripple-enhanced skin-friction combined
shear velocity must be compared with the critical
shear velocity to adequately determine the initia-
tion of bedload transport. This agrees with previous
field and laboratory studies (Kapdasli, 1990; Li et
al., 1997). For the observed suspension and sheet-
flow events, the values of the skin-friction combined
shear velocity uŁcws were found to be substantially
lower than the established critical shear velocities
for suspension .uŁcrs/ and sheet-flow .uŁup/ trans-
port modes. Direct comparisons of uŁcws with uŁcrs

and uŁup will under-estimate the onset of sediment
suspension and sheet-flow transport. At these high
transport stages, results from previous studies sug-
gest that the boundary layer dynamics and frictional
behaviour of near-bed flow is mostly dependent on
the thickness scale of the bedload transport layer.
The sum of the grain roughness and the bedload
roughness was thus used in this study to obtain
a transport-related combined shear velocity uŁcwb.
When the values of this bedload shear velocity were
compared with the conventional critical shear veloc-
ities for suspension and sheet-flow transport modes
for the observed suspension and sheet-flow events,
reasonable agreement was achieved. This, together
with similar findings over medium sand sediment

from previous studies (Li et al., 1997), indicates that
the established critical shear velocities for suspen-
sion and sheet-flow transport modes are applicable to
combined waves and currents if they are compared
against the transport-related bedload shear velocity
uŁcwb.
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