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SUMMARY

This article, the second of two companion
papers, reviews the principal scientific
advances in shelf sediment transport
studies in Canada, and projects future
research directions. Development of new
sensors and boundary layer models has led
to significant improvement in our under-
standing of wave-current dynamics and
sediment transport processes on continen-
tal shelves. Bed shear stress and bottom
roughness are found to be strongly
enhanced by the interaction between
waves and currents. Explicit sediment
transport thresholds and ripple predictors
for combined waves and currents have
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been proposed and partly tested. Sand
resuspension strongly depends on the
development of bedforms. Multibeam
mapping, in combination with coring and
seismic/sidescan data, has significantly
improved our knowledge of the morphol-
ogy and stability of sand ridges on outer-
shelf sand banks. Sediment transport
models have been significantly upgraded
and calibrated based on advances in
combined-flow bottom boundary layer
dynamics and new in situ measurements
of sediment rransport. The improved
models have been applied to predict
regional sediment transport patterns on
several Canadian continental shelves.
Based on this and other reviews, future
rescarch priorities have also been identified.

RESUME

Dans cet article, le second de deux sur le
sujet, on décrit les principales percées
scientifiques dans le domaine du transport
des sédiments criers au Canada ainsi que
des pistes de recherches 4 venir, La mise
au point de nouveaux capreurs et de
nouveaux modeles sut les couches limites
a considérablement amélioré nos connais-
sances sur les interactions vagues-coutants
ainsi que sur les processus de transport des
sédiments sur les plateaux continentaux.
On s'est rendu compte que la contrainte
de cisaillemenr ainsi que I'accentuation du
relief du fond sont fortement tributaires
de I'action combinée des vagues et des
courants. Des seuils de mise en mouve-
ment ainsi que des prédicteurs de forma-
tion de ride liés 4 des combinaisons de
vagues-courants particuliers ont fait 'objet
de tests partiels. La remise en suspension
du sable est fonction de la configuration
des lits. Lutilisation de la cartographie 2
faisceaux mulriples et des données de
forages combinés avec les données de
levées sismiques et de sonar laréral
permis d’améliorer considérablement nos
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connaissances sur la morphologie et la
stabilité des crétes des bancs de sables de la
partie extérieure du talus continental. Les
modeles de transport des sédiments ont
été considérablement améliorés et calibrés
grice A des découvertes dans le domaine
de la dynamique des flux combinés des
couches limites sur les fonds marins ainsi
que par de nouvelles mesures in situ du
transport des sédiments. Ces modeles
améliorés ont été urilisés comme outils de
prédiction des caractéristiques régionales
du transport des sédiments en plusieurs
endroits du plateau continental canadien.
Aussi, & partir de la présente revue et
d’autres, des pistes de recherche priori-
taires ont été décrites.

INTRODUCTION

Sediment transport on continental shelves
involves complex processes of sediment
erosion, transport, and deposition close to
the seabed. Since these processes can
greatly affect seabed stability, the dispersal
and deposition of sediment particles, and
the activities of benthic organisms, shelf
sediment transport studies have become
increasingly important to oceanographers
and coastal engineers as well as environ-
mental managers {Grant and Madsen,
1986; Wright, 1989; Cacchione and
Drake, 1990; Nittrouer and Wright,
1994).

This article and an earlier compan-
ion article (Li and Heffler, 2002} intend
to provide an overview of the status and
advances of shelf sediment transport
research in Canada. A more comprehen-
sive introduction to the topic has been
given in the earlier paper, which presents
the basic theories of shelf sediment
transport, a quick review of the state of
knowledge until the late 1980s, and
recent technological advances in this
research field. As a companion paper, the
focus of this article is on the principal



scientific advances in the last 15 years and
the projection of future research direc-
tions. While most studies presented in
this paper deal with advances of sand
transport on continental shelves, scientists
in the United States recently have under-
taken a program (STRATAFORM) that
focusses on the transport and deposition
of fine-grained sediment on the Califor-
nia shelf (Nittrouer, 1999).

PRINCIPAL SCIENTIFIC ADVANCES
Earlier reviews of shelf sediment transport
studies in Canada (e.g., Hodgins ez /.,
1986) identified several critical areas that
should receive priority for further re-
search. These include better understand-
ing of the boundary layer dynamics under
combined waves and currents, determin-
ing the threshold of sediment motion
under combined-flow conditions,
bedform development and interaction
with nearbed waves and currents, and
obtaining comprehensive field data on
wave-current dynamics and sediment
transport. Development of new sensors
and modelling technologies in recent
years (as reviewed in Li and Heffler,
2002) has led to progress in some of these
research areas. A comprehensive field
program has been undertaken by the
Geological Survey of Canada-Atlantic
(GSCA) since the early 1990s to study
wave-current dynamics and sediment
transport during storms on Sable Island
Bank (SIB), Scotian Shelf. The results
from this program will be used as the
focus to demonstrate the principal
scientific advances in Canadian shelf
sediment transport studies.

Boundary Layer Dynamics Under
Combined Waves and Currents
Enhancement of Bed Shear Stress
and Bottom Roughness Due

to Wave-current Interaction

The large errors and differences in the
predictions of available sediment trans-
port models are, to a large extent, due to
the inclusion of many empirical co-
efficients and the lack of a proper physical
understanding of the boundary layer
processes involved (Hodgins er al., 1986).
The solution lies in better understanding
of boundary layer processes and hence
better parameterization of the bottrom
stresses and their influence on sediment
transport. The development of combined-

flow bottom boundary layer (bbl) models
(e.g.» Smith, 1977; Grant and Madsen,
1979, 1986) represented a breakthrough
in our understanding of boundary layer
processes. However, field measurements
of wave-current dynamics and seabed
roughness in diverse shelf and nearshore
environments are still required to test and
improve these models (Cacchione and
Drake, 1990). With this as one of the
objectives, the Geological Survey of
Canada (GSC) instrumented tripod
RALPH was deployed at a site about 60
km to the southwest of Sable Island (Site
1, Fig. 1) in the winter of 1992-1993 to
monitor nearbed waves, currents, and
seabed response during storms. The water
depth at this site was 39 m and the
bottom sediment was well-sorted medium
sand with a mean grain size of 0.34 mm.
The water 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

mean (mainly tidal) current velocity was
around 0.35 m/s (Fig. 2b) and the mean
current direction was to the N and NE, or
S and SW. Three storms occurred during
the experiment, with significant wave
heights from 2.5 m to 4 m and spectral
peak wave periods from 12 s to 15 s (Fig.
2c). The time series of the suspended
sediment concentration in Fig. 2d shows
three suspension events (at the beginning,
the 12th day and the end of the deploy-
ment). These corresponded with the
passing of the three storms.

The wave and current parameters
in Figure 2, together with the grain size
and water depth data, were used in the
Grant and Madsen (1986, GM86
hereafter) combined-flow boundary layer
model to compute various bbl param-
eters, and these were then compared to
observed seabed responses to further our
understanding of combined-flow bound-
ary layer processes. The mean velocity at
1 m above the seabed u,, and its drag
coefficient C,,, = 0.003 (for rippled sand
bed, Sternberg, 1972) were used in a
quadratic stress law (eq. 3 in Li and
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Figure 1 The location map showing the study region and instrument deployment sites on

Sable Island Bank, Scotian Shelf.



Heffler, 2002) to calculate the drag-
coefficient based total current shear
velocity u._cp. The value of u._cp thus
includes no effect of wave-current
interaction or sediment transport, but is
due only to the sum of the grain rough-
ness and ripple roughness, zy_cg. The
GM86 model was then run using the
grain-ripple roughness z;_gp (but no
roughness due to bedload transport; see
next section for explanation). Therefore,
the model-predicted total current shear
velocity, u._y, and the apparent bottom
roughness, zy_, were only due to the
grain-ripple roughness plus the effect of
wave-current interaction. Time series
plots of the ratio of u._y/u._cp» Zgegr
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and z,_ are shown in Figure 3. While
the total current shear velocity was
enhanced 2-3 times during storms
(marked as 1, 3, 5 and 8 in Fig. 2¢), the
enhancement was about 20% even during
non-storm periods (marked as 2 and 7 in
Fig. 2¢). The comparison of z_, and z,__
r in Figure 3b indicates that the appar-
ent roughness zy_y felt by the steady
current above the wave boundary layer
increased by more than one order of
magnitude during storms. This roughness
was enhanced 2-3 times, even during the
current-dominated non-storm periods.
These results clearly demonstrate that
ignoring the effect of wave-current
interaction will cause significant under-
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Figure 2 Time series of the RALPH data collected in the 1992-1993 winter deployment at
Site 1 on Sable Island Bank: (a) the water depth, (b) mean velocity u;4, (c) significant wave
height, H, and spectral peak wave period, T, and (d) suspended sediment concentration

0.7 m off the seabed expressed in transmission percentage.
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estimates of the total current shear stress
and apparent bottom roughness.

Thresholds of

Sediment Transport Modes

Accurate prediction of sediment transport
rate very much depends on the determi-
nation of threshold criteria for the various
sediment transport modes, namely
bedload, suspension, and sheet flow.
Although these thresholds are reasonably
established for waves and unidirectional
flows, threshold values and field data for
combined flows were largely unknown
before the mid 1980s (e.g., Huntley,
1986).

Nearly 700 seabed photographs
were taken during the RALPH deploy-
ment at Site 1, and these photos success-
fully captured various seabed states,
ranging from no transport, through active
ripples and suspension, to sheet flows. Li
et al. (1997) correlated these observed
bed states with wave-current data to
define the threshold criteria for various
sediment transport modes under com-
bined-flow conditions. Based on a
modified Shields curve, Li and Amos
(1995) proposed the following regression
relationships for the critical Shields

parameter 6, for bedload transport:

log@,, = 0.045 VE > 3000
(1a)
logB_= 0.132logV=-1.804 100 <VZ <3000
(1b)
log_=0.041(log\'= )- 0.356l0gVE-0.977 VZ<100

(1c)
where VE is the Yalin parameter defined
as [(p,-p)gD?/pv?]®5 in which g is the
gravitational acceleration, D is sediment
diameter, Vv is the kinematic fluid viscos-
ity, p and p, are fluid and sediment
density, respectively. For D = 0.034 cm at
Site 1, eq. 1 gives 8, = 0.043 which
converts to a critical shear stress
T, = 0.(p-p)gD = 2.33 dynes/cm?
or a critical shear velocity
u. = (T,/p)®3 = 1.51 cm/s. The critical
shear velocity for suspension, u._, is
adopted from Bagnold (1956), who
believed that suspension occurs when the
vertical components of the turbulent
velocity are roughly equal to the grain’s
settling velocity, w:

u,_=0.8w, (2)

For the medium sand of D = 0.034 c¢m at
Site 1, equation 2 predicts u., = 3.49
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cm/s. For sheet flows, Li and Amos
(1999a) have recently compiled all
available sheet flow data and derived the
following empirical function of the critical
Shields parameter for sheet-flow 6,,:

6 =0.172D*"¢ (3)
up

where sediment grain size D is in cm. For
D = 0.034 cm, equation 3 gives

8,, = 0.61 or the critical shear velocity for
sheet-flow u., = 5.8 cm/s.

In order to evaluate the applicabil-
ity of these thresholds under combined-
flow conditions, the time series of the
skin-friction combined wave-current
shear velocity u.,,, obtained from the
GMB86 model, is plotted in Figure 4a for
the Site 1 data, with various observed
transport modes being represented by
different symbols. The observed transi-
tion from no motion to bedload transport
(rippled bed) is well defined in Figure 4a,
but the boundary is clearly below the
bedload critical shear velocity u.., = 1.51
cm/s. The value of u.,, at the observed
transition from bedload to suspension
and thart at the observed onset of sheet-
flow transport are also substantially less
than the respective threshold values for
these transport modes.

Figure 4a thus shows that the
enhancement of shear stress by the
presence of ripples and by bedload
transport is important (Li ez al. 1997).
When ripples are present, the shear stress
will increase from the ripple trough to the
crest, Thus, the ripple-enhanced shear
velocity u.,,, not the spatially averaged
shear velocity u._,, should be used to
determine the onset of bedload transport.
When sediment transport occurs under
higher shear stresses, a portion of the flow
power is spent in maintaining a thin
bedload transport layer. Previous studies
showed that the friction factors in these
high transport stages correlate better with
the thickness of the bedload layer
{Wilson, 1988}, and a bedload-related
shear stress needs to be used for stress
partitioning (Smith and McLean, 1977;
Li, 1994) and transport calculation
{(Nielsen, 1992). Based on these results,
Li et al. (1997) have proposed that the
sum of the grain size and bedload rough-
nesses should be used to compute a
bedload shear velocity u._,,, and it is this
bedload-enhanced shear velocity that
should be used to determine the onset of
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Figure 3 Time series p_lots of (a) the ratio of u-_y/u-.cp. (B) 2o cr and 2. for Site 1
RALPH data to quantify the enhancement of total current shear velocity and apparent
bottom roughness due 1o wave-currenr interaction.
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Figure 4 Time series of the combined shear velocity: (a} the skin-friction shear velocity u.,,
and (b} the ripple-enhanced shear velocity u.,,, and bedload shear velacity u._ 4 for Site |
RALPH data. Observed transport modes are indicated by different symbols. 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) transport, respectively.



sand suspension and sheetflow transport
under combined waves and currents.
Figure 4b shows the time series plot of
shear velocity for the same Site 1 dara, but
the ripple-enhanced shear velocity u. . is
now used for the no motion and bedload
periods in which u._,, < u., and the
bedload shear velocity u.,, is used for the
suspension and sheetflow periods and
those bedload periods in which

Usrys > Us,,- The ripple-enhanced shear
velocity u._, is calculated according to
Nielsen (1986), and the bedload shear
velocity u._,, is predicted from the
GMB86 model using the bedload rough-
ness height algorithm derived from Sable
Island Bank combined-flow field data (Li
et al., 1997). Figure 4b shows that the
observed transitions are now in good
agreement with the established critical
shear velocities. Hydrodynamic data and
seabed video images collected by a later
deployment at a site characterized by a
fine sand bed (Site 2 in Fig. 1) have
supported this finding (Li and Amos,
1999b).

Partitioning Skin Friction

and Form Drag Over Ripples

In shelf sediment transport, the botrom
stress is conventionally obtained by
measuring the velocity profile far above
the sediment bed and firting this profile
to the von Karman-Prandtl equation (eq.
2 of Li and Heffler, 2002). When ripples
are present, this profile-derived stress is
the total current shear stress i.e., the sum
of the form drag and the skin friction.
Since only the skin friction is responsible
for sediment entrainment and transport,
the incorrect use of this total stress may
lead to large errors in bbl modelling and
sediment transport calculations.

Based on field measurements over
subaqueous dunes in the Columbia River,
Smith and McLean (1977) proposed a
“boundary layer within boundary layer”
model to predict skin-friction shear
velocity u., as well as total boundary layer
shear velocity u.. Subsequently this model
has been expanded and tested by Nelson
and Smith (1989) and Wiberg and
Nelson (1992) against velocity measure-
ments over fixed dunes and ripples in
flume experiments. In a more focussed
flume study by Li (1994), epoxy-coated
hot-filin sensors were used in direct
measurements of velocity profiles and
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skin friction over mobile sand ripples of
different geometries to investigate the
variation of the skin-friction and form
drag as a function of ripple shape and
flow strength, and to test the applicability
of the Smith and McLean (1977} model
to mobile sand ripples. The results of this
experiment indicated that the ratio of the
skin friction shear velociry over the total
shear velocity ranged from 0.4 to 0.7 for
the experimental conditions used. For a
given mean surface velocity, the average
skin friction shear velocity was found to
decrease with increasing ripple height and
wavelength. For a given ripple geometry,
the ratio of the skin friction shear velocity
over the total shear velocity was not
constant, but increased with the increase
of flow strength. The Smith and McLean
(1977) model was found to give reason-
able partition of the skin friction from the
total shear stress over mobile sand ripples.
Semi-empirical relationships were derived
that can be used to estimate the skin
friction shear velocity u., from known
profile-derived total shear velocity u. and
ripple geometry data.

Bedform and

Bed Roughness Predictions

Accurate prediction of ripple geometry
and bed roughness is crucial to the
modelling of sediment transport since
ripple development and bed roughness
variation will directly or indirectly control
the total bed stress, the near bed velocity
structure, the stress partitioning, and the
sediment resuspension process (Grant and
Madsen, 1982; Huntley, 1986; Glenn
and Grant, 1987; Cacchione and Drake,
1990; Wiberg and Nelson, 1992; Li,
1994; Vincent et /., 1991 and Li e¢ al.,
1996). The geometry and development of
wave ripples have been relatively weil
studied, and several predictive models
have been proposed (see Li and Amos,
1998, for references). In contrast, studies
on the generation and dynamics of
combined-flow ripples have been sparse
{Arnott and Southard, 1990; van Rijn e
al., 1993). Amos ¢t al. (1988) studied
ripple types and stability over fine sand
under nearly orthogonal waves and
currents by analysing seabed photographs
collected in an earlier RALPH deploy-
ment on Sable Island Bank (SIB), Scotian
Shelf. Different bed types were recog-
nized, and they were separated in plots of

skin-friction wave Shields parameter

(from the GM86 model) versus the

steady-current Shields parameter (accord-

ing to Sternberg, 1972). Wave-current
ripples intermediate in form and orienta-
tion were not seen, however, because the
deployment site was dominated by nearly
orthogonal waves and currents.

Building upon this work,
instrumented tripods and 54 wave-
current meters were deployed at several
sites in the south and southwest regions of
SIB (Li ez 4., 1997; Li and Amos,
1999b; Li et al., 1999a). Using these new
darta as well as thac of Amos ef 2/, (1988),
the following bed types (see Fig. 5) have
been determined for combined wave and
current flows:

1) No motion. Occurring cither as
bioturbated flat bed or relict ripple
bed. Evidence of biodegradarion is
apparent and the seabed is often
covered by benthos or their traces.

2) Current ripples. Asymmerrical in
profile, sharp brink points, tabular slip
faces, no crest bi-furcation, migrate in
the direction of current. They can be
further divided into three subtypes:
straight-crested current ripples (C), with
straight, continuous crests; undulatory
(ot sinuous) current ripples (C), with
wavy, continuous crests; Lnguos
current ripples (Cy), with shore, discon-
tinuous crests curved in a tongue-like
form in the downstream direction;

3) Current dominant ripples (C,). Active,
well-developed, asymmetrical current
ripples dominate with subordinate
symmetrical wave ripples present in
current ripple troughs. Crests of wave
ripples are discontinuous and broken
by current ripple crests. Current
ripples will migrate, while wave ripples
are stationary.

4) Combined wave-current ripples (WC).
Wave and current ripples with roughly
equal magnirudes co-exist. Wave
ripples are discontinuous and of
greater sinuosity than pure wave
ripples; current ripples are often
triangular in plan; current ripples will
migrate, while wave ripples are station-
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ary.

5) Wave dominant ripples (W ). The bed is
dominated by wave ripples, bur smali,
asymmetric, straight-crested current
ripples exist in wave ripple troughs.
Polygons can form due to the juncture
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of the two ripple types. Wave ripples
are stationary and current ripple
migration is also weak.

6) Wave ripples (W). These ripples (and
the wave dominant ripples) are
generally symmetrical or slightly
asymmetrical in profiles; straight,
pointed crests and rounded troughs
with crest bifurcations; crests are
regularly spaced. Well developed, but
no net migration.

7) Saltation/suspension (SS). Observe sand
clouds or strong sediment throwing up
at ripple crests. General deterioration
of image clarity is evident.

8) Large wave ripples (LWR). Well-
developed wave ripples with wave-
lengths greater than 40-50 cm.

9) Upper-regime plane bed under sheet-
flow (UPB). Characrerized by strong
image blurring, but clearly recognized
plane bed.

For combined wave-current
ripples (WC), analyses of bedform video
images collected over fine sand ar Site 2
(Fig. 1) by Li and Amos (1999b) show
that when waves and currents are co-
linear, single sets of asymmertrical inter-
mediate wave-current ripples do form.
These asymmetrical intermediate wave-
current ripples can be differentiated from
asymmetrical current ripples by their
rounded crests, straighter and more
regular forms, and associated crest
bifurcations. Li and Amos (1999a) also
find that the large ripples observed during
storms are often moulded into symmetri-
cal, rounded and mound-like features,
and these should be defined as combined-
flow hummocky megaripples. LWRs and
hummocky megaripples generally occur
following the peaks of storms due to
sediment fall out from suspension and
moulding of the seabed by the long wave
oscillation ar this waning stage of storms.

Li and Amos (1998) propose that
the rario of the skin-friction wave shear
velocity to that of the steady current, u./
U..,, should be used to better define the
various types of ripples under combined
flows. Figure 6 shows the time series plot
of the u.,/u._, ratio for the Site 1
RALPH data, with various types of
ripples being represented by different
symbols. Figure 6 demonstrates that when
u.,Ju. < 0.8, bedforms are current or
current-dominant ripples, while only
wave ripples can occur if u./u. . > 2.

When u.,/u. ratio is between 1.3 and
2, bedforms will be wave-dominant
ripples. Combined wave-current ripples
prevail under the condition of 0.8 < u.,,/
u. <1.3.

Among many existing wave-ripple
predictors for numerical models, the more
widely used ones are that of Grant and
Madsen (1982) and Nielsen (1981). Both
were derived using laboratory or field
wave ripple data only, and several studies
have shown that they are not applicable
under combined waves and currents (e.g.,
Wright, 1993; Li et al., 1996; Li and
Amos, 1998). The measured and model-
predicted ripple height 1| and ripple
roughness height ky, (Grant and Madsen,
1982; see below) are compared in Figure
7 for 35 measurements selected from the
Site 1 RALPH data set. The lower panel
plots the skin-friction or bedload com-
bined shear velocity for these data. These
plots indicate that both wave ripple

predictors over-predict ripple height and
ripple roughness height for combined
waves and currents, at least for the Site 1
experimental conditions. It also shows
that when u._, < u._, (Fig. 7c), both
methods predict no ripple formation, yet
active ripples were observed in these
periods. This is probably because the
enhanced shear velocity caused by pre-
existing ripples is higher than u._ causing
the ripples to be active in this weak-
transport condition.

Based on data collected on Sable
Island Bank, Li and Amos (1998) have
derived an explicit ripple predictor for
combined waves and currents. This model
separates ripples into five categories: no
motion, weak-transport ripples, equilib-
rium ripples, break-off ripples, and
upper-plane bed in sheet flow. The ripple
height and steepness mainly depend on
the applied shear velocity relative to
critical shear velocities for bedload, ripple

Figure 5 Images of bed types typically observed under combined waves anc currents: (1, 2)
wave ripples; (3) wave-dominant ripple; (4, 5) combined wave-current ripples; (6) current-
dominant ripple; (7) straight-crested current ripple; (8) linguoid current ripple; (9) no
motion; (10) large wave ripple; (11) saltation/suspension; and (12) upper plane bed/sheet
flow.



break-off, and sheet flow transport. For
the same 35 data shown in Figure 7, this
combined-flow ripple predictor has again
been used to predict ripple height and
ripple roughness heighe ky,. The predicted
and measured 1 and kg, are compared in
Figure 8. Though this is not an independ-
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ent test, it shows that the proposed
predictor fits well with the source data.
Bed roughness length z,, which
relates to bortom roughness height kg, by
29 = ky,/30, is critical in determining the
near-bed velocity profile and bed shear
stress (sec qs. 2 and 4 in Li and Heffler,
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Figure 6 The time series plot of skin-friction wave shear velocity to skin-friction current
shear velocity u.,,/u., for sclected bursts of Site 1 Ralph data. Observed ripple types are

indicated by different symbols.
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Figure 7 The time series of (a) the measured and model-predicted ripple height 1, {(b) the

measured and model-predicted ripple roughness

height k. and (c) the skin-friction or

bedload combined shear velocity for selected bursts from Site 1 Ralph data. The dashed and
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2002). According to the GM86 model,
the total bed roughness height ky, is the
sum of the grain roughness height ky,,
ripple roughness height ky, and bedload
roughness height k. Although ki, is
generally taken as 2.5D, there is a lack of
consensus on the calculation of k;,, and
k.- Li and Amos (1998) have used
measured ripple heights and wavelengths
and various ripple roughness height
algorithms in the GM86 model to predict
total current shear velocity u._ and
apparent bed roughness length z,_ for
selected bursts of Site 1 RALPH dara.
The velocity data were then used in a
simplified logarithmic velocity profile
method (Sternberg, 1972} to obtain
profile-derived u._ and z;.. The compari-
sons of the modcl-predicted and profile-
derived u._ and z,_ have shown that the
ripple roughness height expression

ky, = 27.702/A, of Grant and Madsen
(1982; A ripple wavelength) applies well
under combined waves and currencs. The
ripple roughness height expression ky, =
8N/A of Nielsen (1992) has also been
found applicable, though it tends to
under-predict for the selected data bursts
(Li and Amos, 1998).

Based on laboratory flume data,
various algorithms have been developed
for bedload roughness height ky, (e.g.,
Grant and Madsen, 1982; Wiberg and
Rubin, 1989; Nielsen, 1992). In addition
to the comparison between profile-
derived u., and z;_and that predicted
from the GM86 model using various
bedload roughness algorithms (Li and
Amos, 1998), Li et 2/ (1997) and Li and
Amos (1999b) have also evaluated these
proposed bedload roughness algorithms
by comparing the bedload shear velociry
Useyp, predicted from the GM86 model
using various k; algorithms and the
established critical sheet-flow shear
velocity u., for observed sheet-flow
events in both Site 1 and Site 2 deploy-
ments over medium and fine sand
sediments. The preliminary conclusion is
that the algorithms proposed by Grant
and Madsen (1982) and Wiberg and
Rubin (1989) underpredict bedload
roughness for combined waves and
currents, and that the expression of
Nieslen (1992) and a new algorithm

proposed by Li ez al. (1997) based on
recent SIB darta give reasonable predic-
tions under combined-flow conditions.

solid lines in (a) and (b) respectively represents the predictions by the Nielsen (1981} and
Grant and Madsen (1982) models. The dashed line in (c) is the threshold shear velocity for
bedload transport.



Sediment Transport
Rate Prediction

Sediment Transport
Model Calibration
Because of the extensive research on
sediment transport under unidirectional
flow, sediment transport rate predictions
on continental shelves have primarily
relied on formulae derived for rivers or
channel flows. The complex non-linear
relationships between waves, currents,
and seabed, however, have made it
extremely difficult to test the applicability
of these formulae in marine environ-
ments. Limited sand tracer experiments in
marine environments showed 2 orders of
difference between measured and pre-
dicred transport rates (e.g., Heathershaw,
1981). Earlier reviews have found that
there was no consensus on which formu-
lae worked the best on continental
shelves, and the paucity of field data
severely limited our ability to calibrate
sediment transport models (Huntley,
1986; Bowen, 1986).

One of the main objectives of the
GSC'’s Sable project has been to collect
high-quality field data for the calibration
of sediment transport models. Ripple
height, migration rates, and concurrent
hydrodynamic data collected using
RALPH at several sites on Sable Island
Bank have been used to calibrate the GSC
sediment transport model SEDTRANS
(Li and Amos, 1995; Li et al., 1997; Li
and Amos, 2001). For bedload transport
rate, the ripple height 1 and migration
rate R, can be used to derive the mean
mass transport rate per unit width per
unit time from:

Q, = 0.5p,1R @
where py, is the bulk sediment density.
The measured ripple heights and migra-
tion rates of the 1993 Site 1 RALPH dara
over medium sand and the 1982 RALPH
data over fine sand have been used to
obtain the measured bedload sediment
transport rates Q. The wave and current
data are then used in SEDTRANS to
predict sediment transport rate. Figure 9
plots the time series of the measured
sediment transport rate for 1993 Site 1
data in comparison with that predicted by
SEDTRANS using the Einstein-Brown
(Brown, 1950) bedload formula and the
skin-friction shear stress T_,,. These plots
show thar the use of the skin-friction

shear stress (Fig. 9b) under-predicts the
frequency and magnitude of sediment
transport under Site 1 field conditions.
This under-prediction is most likely due
to neglecting the shear stress enhance-
ment by ripples discussed earlier. Using
the ripple-enhanced shear stress T, gives
better prediction of the frequency of

sediment transport (Fig. 9¢), although the
magnitude seems to be over predicted. To
further evaluate the suitability of the
average skin-friction shear stress and the
maximum ripple-enhanced shear stress in
predicting sediment transport rate, T,
was first used to determine the onset of
sediment transport. T, and T, respec-
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tively, were then used in SEDTRANS to
obtain the predicted Einstein-Brown
bedload transport rates. The measured
and predicted sediment transport rates are
compared in Figure 10. These data show
that sediment transport rates can be
under predicted by a factor of 5 when the
average skin-friction shear stresses are
used (Fig. 10a). In contrast, the use of the
ripple-enhanced shear stresses results in
an over prediction by up to a factor of 5
at higher transport rates (Fig. 10b).

Li and Amos (2001) believe that
this difference is due to the variation of
shear stress over ripples. When ripples are
present, bed shear stress increases from
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between these two values needs to be
found for better prediction of the sedi-
ment transport rate.

Based on the facts that the ripple-
enhancement of shear stress is most
effective for ripples in the weak-transport
and equilibrium ranges (in which ripple
steepness is at the maximum) and that the
effective shear stress should asymptotically
approach the average skin-friction shear
stress at higher transport stages when the
ripple steepness approaches zero, Li and
Amos (2001) proposed the scheme of the
effective shear stress T'_,, as a function of
bedform development stages (see eq. 5a,
b, c in box below),

t,cws = (TU i ’I:cwc)IZ w2 U and u, b < W (5a)

T = [ll(2+cr)](<ncr +T_ ot 'ccwe) S Uagpy < Uy (5b)

R ™ "CaWs W 2 u,ﬁup (5¢)
ripple trough to crest (e.g., Wiberg and where 6 =

Nelson, 1992; Li, 1994). Thus, predic-
tions using the maximum enhanced shear
stress at the ripple crest T, will give the
highest transport rate across the ripple
wavelength and will not be representative
of the mean transport rate averaged across
the ripple wavelength. Since sediment
transport rate is proportional to the third
or higher power of shear velocity, the
mean transport rate averaged over the
ripple wavelength will be skewed toward
the higher values, causing the under
prediction when using the spatially
averaged skin-friction shear stress T,
Therefore, an effective shear stress

= W) (U - Usp) is 2
r1pplc brcak—of% parameter. The physical
meaning of equation 5 is that in the
weak-transport and equilibrium ranges
(5a), sediment transport occurs on only a
portion of the ripple stoss slope over
which the bed shear stress increases from
T, to T_,.. The average of these two values
is taken to be the effective bed shear stress
at these stages. In the ripple break-off
range (5b), all three shear stresses (the
critical, the average, and the ripple-
enhanced) are important, with the effect
of 1, diminishing as transport approaches
sheet-flow mode. Finally when upper-
plane bed is reached (5c), there will be no
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Figure 10 Scatter plots of the measured and predicted sediment transport rates from the
Einstein-Brown formula using (a) the spatially averaged skin-friction shear stress and (b) the
ripple-enhanced shear stress. Circles are data from the 1993 Site 1 deployment over medium
sand, and triangles are data from the 1982 deployment over fine sand. The dashed lines

represent PCI‘fECt agreement.
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ripple enhancement and the effective
shear stress is now equal to the average
bed shear stress.

The effective shear stresses given
by equation 5 were used in SEDTRANS
to pr Cdict Sedimeﬂt tl'aIlSPOl't rates ﬁ.'om
four popular formulae: the Engelund and
Hansen (1967) total load equation, the
Einstein-Brown (Brown, 1950) bedload
equation, the Bagnold (1963) total load
equation, and the Yalin (1963) bedload
equation. The predicted and measured
Sedjmeﬂt transport rates are Compafcd in
Figure 11. Compared to Figure 10, these
plots show that using the effective shear
stresses given by equation 5 reasonably
predicts sediment transport rates for both
fine and medium sand and that the error
is generally less than a factor of 5. A large
portion of this error is probably due to
the uncertainty in the field measurements
of ripple height and ripple migration rate.
Figure 11 also shows that the Einstein-
Brown bedload method and the Bagnold
total load method give the best prediction
of sediment transport rates under com-
bined-flow conditions. Larger scatter
exists in the prediction by the Engelund-
Hansen total load method, while the
Yalin method tends to under predict
sediment transport rates at the low
transport stages and slightly over predict
at higher transport stages.

Sand Resuspension
and Reference Concentration C,
Rouse (1937) type equations (eq. 6, Li
and Heftler, 2002) are widely used to
predict suspended sediment concentra-
tion (ssc) profiles. However, our limited
understanding of sand resuspension
processes renders significant errors in the
application of this type of equartion.
Besides the lack of good-quality field
data, other factors that hinder our ability
to accurately predict ssc on shelves
include the uncertainty in understanding
the sand resuspension mechanism and
hence the calculation of the reference
concentration C; (eq. 6, Li and Heffler,
2002), vertical sorting of grain size and
hence settling velocity w; of the sus-
pended sediment, and the bed armouring
and proper selection of T_, in heterogene-
ous sediment (e.g., Huntley, 1986;
Cacchione and Drake, 1990; Nittrouer
and Wright, 1994).

The value of C; mainly depends



on the empirical resuspension co-efficient
¥, and the excess shear stress, which is the
difference between bottom shear stress
T, and the critical shear stress for
bedload transport T_,. As T, can be
reasonably predicted by combined-flow
boundary layer models and T, can be well
defined for reasonably well-sorted, non-
cohesive sediment, the main problem
therefore lies with the determination of
the resuspension coefficient . Earlier
researchers assumed 7, to be constant
(e.g.. Smith and McLean, 1977). Subse-
quent studies have found a wide range of
Yo values (Wiberg and Smith, 1983;
Kachel and Smith, 1986; Hill ez 2/,
1988) and that 7Y, decreases with the
increase of bed shear stress (Drake and
Cacchione, 1989; Vincent et al., 1991).
Although bed armouring and compaction
(for silt and mud deposits) have been
suggested as causes of the variation of y,
(e.g., Cacchione and Drake, 1990), a
more obvious factor is the effect of
bedform development on sand resuspen-
sion. Using simultaneously measured
wave, current, and near-bed ssc data,
Vincent et al. (1991) and Li et al. (19906)
have shown that 7, over a sand bed
decreases systematically with the increase
of bed shear stress. Li ez al. (1996) further
demonstrated thart the decrease of ripple
roughness and hence the reduction of
vortex activity over break-off ripples are
the causes of the decrease of *y, with the
increasing shear stress. Figure 12 shows
the scatter plot of logy, versus the loga-
rithm of the normalized excess shear
stress, logT., for the data from both
Vincent er al. (1991) and Li et al. (1996).
It clearly shows that in the ripple break-
off range, logy, decreases from 10-3 over
low-transport ripple bed to 104 over
high-transport plane bed as logT. increases
from 0.2 to 1.2. In the equilibrium range
(logt. < 0), the limited data seem to
indicate a trend of increasing 7, with bed
shear stress. Comparison between the
measured and predicted ssc showed that
using a time-variable Y, in the modified
Rouse equation significantly improved the
prediction of ssc profiles under combined
waves and currents (Li ez al., 1996).

Morphodynamics of
Sand Ridges on Sable Island Bank

The NE-SW trending sand ridges on
Sable Island Bank are one of the most

striking morphological features on the
Scotian Shelf. Their morphology, migra-
tion, and interaction with wave-current
dynamics is not only one of the most
important engineering issues for offshore
energy development, but also a critical
component of the regional sediment
transport pattern on SIB.

Following the earlier classification
and descriptive work of Amos and King
(1984), there have been several recent
studies that focus on the morphology and
stability of the sand ridges on SIB.
Hoogendoorn and Dalrymple (1986) and
Dalrymple and Hoogendoorn (1997)
analyzed seismic/sidescan data, Canadian
Hydrographic Service (CHS) bathymetric
data, as well as vibrocores and grab
samples to understand the morphology,
migration, and internal structures of these
sand ridges. They separated the sand
ridges into two orders: first order ridges
with average height and wavelength
(spacing) of 12 m and 6.4 km, respec-
tively, and second order ridges with
average height and wavelength of 5 m and
1.5 km. The scale of ridges decreases from

west to east, the maximum ridge height
decreasing from 20 m in the west to 3.2 m
in the east. Most ridges show asymmetric
profiles, with steeper eastern (lee) flanks.
There is a general trend of decreasing
grain size from ridge trough to crest:
coarse and very coarse gravelly/shelly
sands on the lower western flank progres-
sively changing to fine sand over the ridge
crest and over most of the eastern flank.
Smaller bedforms, i.e., very-large dunes
(sand waves) and small to large dunes
(megaripples), are found superimposed
on sand ridges in the west and central
parts of the ridge field. These authors
believe that strong obliquely onshore,
storm-driven flows cause the eastward
migration of the sand ridges at rates as
high as 50 m/year. On the contrary,
Ingersoll and Ryan (1997) have compared
repetitive multibeam surveys and 1982
CHS bathymetric data charts of SIB and
found negligible to very low migration
rates of the sand ridges on the bank. This
conclusion, however, is only tentative
because of the large navigation error and
low density of the CHS dara.
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In order to obtain better under-
standing of the morphology and dynam-
ics of the sand ridges, GSCA has con-
ducted repetitive multibeam bathymetry
surveys of the sand ridges at selected sites
on SIB since 1996 (Li ez al., 1999b).
Figure 13 shows the shaded relief mosaic
of an area to the west-southwest of Sable
Island. The seabed is dominated by the
NE-SW trending sand ridges, which show
an average height of 4.5 m and spacing of
1.2 km. The profiles of the ridges are
symmetrical to slightly asymmetrical. The
steeper sides of the asymmetrical ridges
can face to either the cast or the west.
Very large dunes (sand waves) are super-
imposed on the sand ridges. The crests of
these dunes are generally NNE to SSW at
20°- 30° to the ridge-crest lines. The
average height and spacing of the dunes
are variable, but are generally around 0.6-
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0.8 m and 80-220 m, respectively.
Repetitive surveys spanning 5 years will
be processed and compared to quantify
the migration rate and direction of the
sand ridges and associated dunes. Efforts
have also begun to collect sidescan and
seismic data, vibrocores, grab samples,
and 7 situ sediment transport data using
RALPH and S4 current meters along
transects across sand ridges at selected
sites on SIB. These data will be combined
with the repetitive multibeam surveys to
improve our knowledge of the morphol-
ogy and migration of these sand ridges
and of the transport mechanisms that
control the migration process.

Application of

Sediment Transport Models

As one-dimensional physical sediment
transport models have been continuously

® present study
v  Vincent et al

ove
L ]

vv.‘,.o °
®

v e

,"..

S N | S W—

0.8 06 -04 -02 00 02 04 06 08 10 1.2 1.4
Log T,

Figure 12 Variation of sand resuspension coefficient ¥, with the normalized excess shear
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upgraded and, to some extent, calibrated
with field data, some attempts have been
made to apply these models to predict
regional sediment transport patterns.
Amos and Judge (1991) applied the GSC
sediment transport model SEDTRANS
to predict sediment transport patterns on
the Grand Banks and the Scotian Shelf
for storms of different return intervals.
The Engelund and Hansen (1967) total
load formula and a single grain size of
0.35 mm were used in running
SEDTRANS.

The Grand Banks

Storms of 32, 10 and 1 year return
intervals were used for the Grand Banks.
As expected, the predicted sediment
transport rates decreased substantially
with the reduction of storm intensity.
Transport of sediment was predicted over
the majority of the Banks for the 1:32
year storm (Fig. 14). The maximum
transport rate was up to 0.1 kg m-'s! and
occurred in the shallow water over the
central and southeastern Grand Banks.
The general pattern of sediment transport
showed a southward and southeastward
motion on the northern Banks, eastward
on the northwestern Banks, and to the
east and southeast on the central, eastern
and southern Banks. An exception is the
southwestward transport over a small area
on the southeastern Banks that causes
sediment convergence immediately to the
west of Southeast Shoal (Fig. 14).

For the 1:10 year storm, the
strongest sediment transport occurred on
the northwestern Banks and was up to
1 kg m's’!. Transport rates over the
remainder of the Banks, however, were
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Figure 13 The shaded relief multibeam mosaics of an area to the west-southwest of Sable Island.
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generally 1 order magnitude lower than
that of the 1:32 year storm. The predicted
sediment transport pattern was very
similar to the 1:32 year storm with one
exception: sediment transport was to the
south and southeast over the entire
southern Banks. Thus, the sediment
convergence on the southeastern Banks
predicted for the 1:32 year storm did not
occur for the 1:10 year storm.

For typical annual (1:1 year)
winter storms, the predicted sediment
transport rates were considerably lower
over much of the region. The highest rate
of 5x10-2 kg m'!s! was again over the
northwestern Banks. No appreciable
transport was predicted on the northern
Banks and in areas deeper than 100 m.
The sediment transport pattern was
similar to those of the other storms in the
northern and western Banks, burt differed
over the southern part and over the tail of
the Banks: sediment transport was
westward and southwestward on the
southern and southeastern Banks.

The Scotian Shelf and Gulf of Maine
The 1:4 year storm was used to model
sediment transport for the Scotian Shelf-
Gulf of Maine region. The results indi-
cated that sediment transport on the
Scotian Shelf was also storm dominated,
but significantly modulated by the
fluctuation of tidal currents. During the
peak of the 1:4 year storm, the transport
rate of 0.35 mm sand at Venture (east of
Sable Island in about 20 m depth)
reached 102 kg m''s! under peak tidal
flow and decreased to104 kg m™!s"! under
slack tides. Figure 15a shows the model-
predicted sediment transport pattern
when the storm peak coincided with the
peak ebb tidal flow. Highest transport
rates occurred on Georges Bank and Sable
Island Bank, reaching 1.0 and

0.1 kg m!s’!, respectively. Sediment
transport direction was to the east and
southeast on Georges Bank, western
Scotian Shelf, and southern Sable Island
Bank (SIB), and to the northeast on
northern SIB and Banquereau. When the
peak flood tidal flow coincided with the
peak of the storm (Fig. 15b), predicted
transport rates were reduced over most of
the region and were negligible on Ban-
quereau. The maximum transport rate on
Georges Bank was around 0.5 kg m-!s’!
and that on Sable Island Bank decreased

to 0.05 kg m-'s1. Predicted transport on
Georges Bank, in Northeast Channel, and
on western Scotian Shelf was generally
northward, aligned with the northerly
tidal flow into the Bay of Fundy. Trans-
port direction on Sable Island Bank was
generally to the northeast.

In general, sand transport on the
banks on Scotian Shelf is to the east and
northeast, and this results from the
combined effects of wind-driven currents
and waves during winter storms. Excep-
tions are Georges Banks, Northeast
Channel, and the bars around Sable
Island where sediment transport is
dominated by tidal currents. The decrease
of the sediment transport rate at the
northern margin of SIB and the sediment
accretion in the vicinity of Sable Island
were predicted by the model. These
patterns support the concept of an
“hydraulic fence” to shelf-edge sand ridge
development and the absence of sand
“spill-over” to adjacent basins.

Using the recently upgraded and
calibrated SEDTRANS92 (Li and Amos,
1995), Anderson (1995) ran the 2-D,
time-dependent model SED94 to predict
the sediment transport pattern on SIB for
the so-called “storm of the century” event
(1:100 year storm in which peak signifi-
cant wave height reached 16 m). When
the peak of this intense storm coincided
with the peak of the flood tidal flow,

strong sediment transport was predicted
over the entire Sable Island Bank. The
highest transport rates were up to

2.7 kg m'!s'! and occurred to the west of
Sable Island. Sediment transport direction
was to the north and northeast on the
western and northern Bank, and generally
to the east and southeast on the southern
and eastern parts of the Bank. Similar
transport rates were also predicted when
the storm peak coincided with the peak of
the ebb tidal flow, with the maximum
rates of about 2.7 kg m's! occurring to
both the west and east of the Sable Island.
The sediment transport direction,
however, was now predominantly to the
south and southeast on the entire Bank.

Queen Charlotte Island Shelf

Amos et al. (1995) have applied SED-
TRANS to predict the storm-enhanced
sand transport on the inner Queen
Charlotte Island shelf, western Canada,
and used this to interpret beach erosion
and sand bar formation in this area. The
model predictions showed that the tidally
induced sediment transport was to the
northwest, and restricted to the shallow
waters over the northern end of a sand
bank (Fig. 16a). The maximum rate was
about 5x10-4 kg m-'s!. During a 1:5 year
storm, however, sediment transport was
two orders of magnitude higher, reaching
5x10-2 kg m*!s! and was predicted over
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Figure 14 Regional sediment transport pattern predicted for the Grand Banks assuming
D = 0.35 mm and 1:32 year storm. The arrows indicate sediment transport rate in kg m*! s°!.
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the entire region (Fig. 16b). The strong
sediment transport during the storm was
largely northward alongshore and was
suggested to be the cause of the continued
erosion of the beach on the eastern shore
of the Island. The decrease of sediment
transport rates from south to north was
believed to cause the sediment accretion
and sand bar formation at the northern
end of the region.

PROJECTED FUTURE

RESEARCH PRIORITIES

The results of modelling, field measure-
ments, and surveys, both internationally
and in Canada, have clearly demonstrated
that storm-generated waves, wind-driven
flows, tidal currents and intruding
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oceanic circulation are all capable of
producing strong bed shear stresses and
causing episodic sediment transport on
most continental shelves of the world.
Over sandy shelves, this transport is
manifested as occurrence of a variety of
active or intermittently active bedforms
ranging from small ripples to gigantic
sand ridges. In addition, sediment
transport on continental shelves nearly
always occurs as the result of the com-
bined effects of surface waves and steady
currents. Any measurement programs or

modelling efforts that neglect the interac-

tion between waves and currents will

inevitably underestimate the bed shear

stresses and sediment transport rates.
Major advances have been made
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in the last 10-15 years in field instrumen-

tation and combined-flow bottom

boundary layer theory. The application of
advanced sensors and instruments in field
measurement programs has, in turn, led
to significant improvement in our
understanding of bbl dynamics and
sediment transport processes on shelves,

e.g., the enhancement of shear stress and

bottom roughness due to wave-current

interaction, the explicit sediment trans-
port thresholds and ripple predictors for
combined waves and currents, partly
calibrated sediment transport models,
effects of bedform development on sand
resuspension, and the characteristics and
distribution of sand ridges on outer shelf
sand banks. However, we are still far from

a comprehensive understanding of bbl

dynamics and sediment transport proc-

esses. Reviews by this and other articles

(Wright, 1989; Cacchione and Drake,

1990; Nittrouer and Wright, 1994) have

identified several aspects that require

significantly more research:

1) Fuller tests of the combined-flow bottom
boundary layer theories. The develop-
ment and application of combined-
flow bbl models (e.g., Grant and
Madsen, 1986) is a major advance in
shelf sediment transport studies.
Estimates of total current shear
velocity and apparent roughness length
using velocity profiles measured above
the wave boundary layer have verified
certain aspects of these models.
However, the experiments to date have
been either conducted over mud-rich
sediments that do not produce well-
formed bedforms, or the physical bed
roughness and its temporal variation
were not well specified. Therefore
high-quality field data of wave-current
dynamics and seabed roughness in
diverse shelf and nearshore environ-
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applicability of this type of model over
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tic Doppler Current Profiler (ADCP)
techniques can potentially be further
developed for this type of close-to-bed
measurements.

The extension and fuller test of the
proposed sediment transport thresholds
and ripple predictor for combined-flow
conditions. The recently proposed
combined-flow sediment transport
thresholds and ripple predictor (Li ez
al., 1997; Li and Amos, 1998 and
1999b) were based on limited field
data over medium sand and, to a lesser
degree, over fine sand. More ficld data
are needed so that these can be
extended and fully tested over a wider
range of sediment grain size and wave-
current conditions.

Derivation and calibration of @ madel
for the prediction of suspended sediment
concentration and gratn size profiles on
continental shelves, focussing on the
effects of bedforms and bed armouring on
sand resuspension. Suspension transport
is often the dominant mode of trans-
port on many continental shelves.
Although significant effort has been
made in the past, our understanding of
sediment resuspension processes and
ability to predict suspended load

Queen
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transport are at best preliminary. The
optical and acoustical techniques
typically used for suspension measure-
ments cannot discriminate the effects
caused by concentration change from
that due to particle size variation.
Bedform development is also known
to have great effect on the resuspension
processes. Furthermore, the response
of a natural sediment of mixed grain
sizes to an applied shear stress can be
quite different from that of uniform
sediment because of such factors as
grain shielding, selective entrainment
and transport, and armouring of the
bed by coarse size fractions. Theories
and models are thus greatly needed
thar will incorporate the effects of
bedform development and bed
armouring in the prediction of sand
resuspension and suspended sediment
concentration profiles. The multi-
frequency Acoustic Backscatter Sensor
(ABS) techniques (e.g., Hay and
Sheng, 1992) should be combined
with pump sampling to measure both
concentration and particle size profiles
for the derivation and calibration of
the models. Given the complexity of
the processes and multiple factors
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involved, the models should be
derived and rested first in laboratory
experiments and then extended to field
programs.

4) Further development and calibration of

sediment transport models. As our
understanding of the bbl dynamics
and sediment transport processes
advances, these results need to be
continually incorporated into sediment
transport models. Algorithms need to
be developed and included in the
models so that changes of bedforms,
grain size distribution of bottom
sediment, and the concentration and
particle sizes of suspended sediment
are updated for each time step and
passed on to the next time step. Due
to the lack of viable techniques for
direct bedload measurements, accurate
information of bedform geometry and
migration rates (probably using the
rotary sidescan sonar techniques)
should be combined with simultane-
ous measurements of waves, currents,
and sediment suspension to provide
full calibration of sediment transport
models for the prediction of total load
transport. Accurate estimates of
suspended load transport should be
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Figure 16 Regional sediment transport pattern predicted for the inner Queen Charlotte Islands Shelf using field grain size data and 1:5 year
storm: (a) tidal current only and (b) storm-enhanced transport. The arrows again indicate sediment transport rate in kg m! s,



obrained from the integration of high-
resolution velocity and suspension
profiles measured by the combined
ABS and ADCP technologies. As for
2-D models, limited predictions of
regional sediment transport on the
Scotian Shelf suggest the necd for a
major, multi-institutional field pro-
gram. Instrument packages should be
deployed at several strategically
selected sites to obtain simultaneous
measurements of waves, currents,
bedforms, and sediment transport,
These data will be used to refine and/
or calibrate regional wave propagation,
current circulation and sedimenr
transport models for an entire shelf
region. The 2-D models should also be
capable of accounting for the availabil-
ity of material for erosion (bed
armouring} and updaring topography
changes (due to crosion/deposition
and large-scale bedform development)
in the computation of erosion/
accretion over the grid.

5) Morphodynamics of sand ridges on Sable
Island Bank and evolution of sand bank
bodies. The morphology and migration
of sand ridges and associated large-
scale bedforms on SIB is one of the
most important engineering issues for
offshore energy devclopment and a
critical component for understanding
the regional sediment transport pattern
and evolution of sand bank bodies on
the Scotian Shelf. The recently avail-
able multibeam technology should be
combined with seismic/sidescan
surveys to obtain high-resolution data
on the morphology, shallow strari-
graphy, superimposing relationships,
migration rates, and directions of sand
ridges and associated bedforms.
Instrument packages should be
deployed along transects to record the
hydrodynamic and sediment transport
processes during winter storms. These
data should be combined with repeti-
tive multibeam surveys to determine
what transport mechanisms control
this migration process. These results
should also be used to test and im-
prove theoretical models on sand ridge
formation (e.g., Huthnance, 1982;
Trowbridge, 1995; and Hulscher,
1996). Our knowledge of the regional
sediment transport pattern and the
genesis and stabilicy of sand ridges,
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combined with sea-level and glaciation
history, will eventually lead to better
understanding of the evolution of sand
bank bodies on the eastern Canadian
shelves.
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