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Abstract

Morphology and movements of sand dunes are studied using repeated high-resolution
bathymetric data in areas where banner banks approach the shore. Two sites in the
Bristol Channel were selected for their contrasting environments. The Helwick Sands
is characterised by deeper water-depths, stronger wave climates and weaker tidal
currents than the Nash Sands.

At the Helwick, mlgratlons of the dunes were measured ranging between 21 and 109
m.y"'. Dunes crossing its crest and connecting desplte opposite direction of migration
on either flank were observed. This geometry is interpreted to be the result of the
strong wave climate coupled with a nearly rectilinear tidal flow, which are leading to
dune crests extension. A morphometric study of the sand dunes has revealed the
tendency for the dunes to flatten in shallow water, which can also be attributed to the
effect of the waves.

At the Nash, strong currents and breaking waves have created a strong crestal
escarpment Dune migration rates along the flanks were measured to range from 34 to
180 m.y™, based on a comparison of surveys 263 days apart. However, in the Nash
Passage (between East Nash and the coast) short term (19 days) sand dunes migration
measurements revealed very fast moving (up to 715 m.y) small short-living sand
dunes.

Celerity and morphology of the dunes were used to compute sand transport specific
fluxes. Such fluxes are broadly compatible with fluxes computed from tidal current
data using bedload transport formulae. For both banks, the geometry of the flux vector
field suggests a clockwise sand transport pattern around the banks. Although different
intensities of the fluxes were expected at the two sites, the fluxes of corresponding
morphological areas are similar. Differences in the tidal current asymmetry and
reduced effective threshold of sand transport due to the wave energy are invoked to
explain theses similarities.

Pattern of erosion and deposition were evaluated from the divergence of sand fluxes.
This pattern has revealed the occurrence of transients in the sand transport, which are
the result of complex interactions between the flow, the headland and the bed
morphology.
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Extended abstract

Headland-associated banks, also known as banner sandbanks are complex large
bedforms present within coastal and estuarine environments that occur near sharp
coastal promontories. They are important because they constitute a source of
aggregates, provide a natural habitat for biological species and act as wave barriers
limiting the erosion of the nearby coasts. Various hydro-sedimentological concepts
have been proposed to explain their origin and maintenance. These involve the
presence of eddies originating at the headland, associated secondary flows (in the
vertical) and the convergence of sand transport towards the crest of the bank. The
main motivation of the present thesis is to present quantitative morphological and
kinematic evidence describing the dominant tidal and wave-related mechanisms

involved in the present day sand trarisport around banner sandbanks.

Two banner sandbanks, Helwick and Nash Sands, were investigated. The banks were
chosen because of their contrasting environments. The Helwick Sands is characterised
by deeper water-depths, stronger wave climates and weaker tidal currents than the
Nash Sands. The comparison of both sites is based on the interpretation of
bathymetric data acquired repeatedly around the connection of these banks with the
shore. Multibeam swathe (Reson Seabat 8101) and single-beam sonar surveys were
undertaken, providing the first multibeam survey of this type of environment. A
method for estimating the relative vertical uncertainties between co-located
bathymetric data was developed and provides constraints on the morphological
comparison and kinematical analysis of bank-associated sand dunes. The sense of the
asymmetry of sand dunes is indicative of the residual tidal currents around the banks.
At the crest, dunes are more symmetrical, indicating a zone of convergence.
Migration rates were derived by dune tracking between surveys, giving rates between
21 m.y”! and 109 m.y™ at the Helwick site and between 34 and 180 m.y" at the Nash
sites (on the basis quasi-annual surveys comparison). In the Nash Passage (the area
between East Nash and the coast) a short-term (19 days) repeated survey revealed
very fast moving (up to 715 m.y™) small short-lived sand dunes. The celerity, heights
and spacing of the dunes were used to compute sand transport specific flux (typically

of the order of 0.02 kg.m’.s?). The fluxes compare well (within an order of
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magnitude) with bedload fluxes computed from current meter and sediment texture
data using the widely used Gadd transport formula. Comparison of sand dune
associated sand transport with numerical predictions support the idea that sand
transport occurs in large part by sand dune migration associated with bedload

movements.

For both banks, the geometry of dune migration indicates a clockwise sand transport
pattern around the banks, which is compatible with previous observations found in the
litterature. Moreover, the sand budget parallel to both banks flanks is in rough
equilibrium, within the limits of the estimation method. Across-bank sand transport is
more difficult to estimate but is predominantly induced by wave-induced currents. On
the Helwick Sands this is particularly evident. There sand dune crests extend across
the crest of the bank, despite the opposite direction of migration observed along each
of the flanks. This atypical morphology is explained to be the result of the strong
wave energy coupled with a quasi-rectilinear tidal flow, resulting in dune crests

extension.

The pattern of erosion and deposition was derived from divergence and convergence
of the specific sand flux data. For the Nash area and with less confidence for the
Helwick area, the magnitudes of the calculated erosion and deposition generally agree
with bathymetric changes measured by the direct differencing of co-located
bathymetric data. The result revealed transient patterns of erosion and deposition
along the banks near their respective headlands. Although no data of the structure of
the flow was collected during the period of the study, it is hypothesised that these
transients patterns of sand deposition and erosion could be related to transient pattern

in the flow as observed near other banner sandbanks.

Keywords: banner sandbank, headland, dune, Bristol Channel, bathymetry, sand
transport, tidal, wave, transients.
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Chapter 1.

Context of the study: banner sandbanks,
associated sand dunes and sediment transport in
the Bristol Channel
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Figure 1.2 Spatial scale of sedimentary features (dotted rectangles) in relation to the temporal scale of
the dominant processes in the fluid motion (plain rectangles) for coastal and shallow marine areas
(modified from Holman, 1999).

Banner sandbanks have the following functions: (1) they serve as wave barriers which
limit the erosion of adjacent coasts (Damgaard and Chesher, 1997; Cayocca and Du
Gardin, 2003) (2) they can provide preferred habitats for some marine species (Brown
et al., 2001; Dewicke et al., 2003; Harrisson et al., 2003) (3) they are economically
important as a resource for sand (Brampton et al., 2002; Jones, 2003). Studies
concerned with the origin of banner sandbanks have concentrated mainly on the
interaction between tidal currents and coastal irregularities, while sand dynamic and
morphology investigations have been more limited. Consequently mechanisms of
formation and maintenance of these banks are still not completely understood. For
example, there has been little focus on the mechanisms involved in maintaining the
connection between the bank and the coastal promontory. Also, there are few detailed
high-resolution investigations of the morphology and dynamics of these banks and
associated dunes (Table 1.1 on page 1-20). This lack of information has resulted from
the difficulty in collecting data at sea in this environment (Squibb, 2004) and the past

limitations in surveying techniques (positioning uncertainty and resolution) and in
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processing and visualising data. This thesis is intended to present new high resolution
co-located bathymetric datasets from banner banks and present quantitative
information on sand dune morphology and migration around the nearshore ends of
these banks.

1.2. Tidal- and wave-induced sediment transport in
the vicinity of sandbanks and coastal promontories

1.2.1.Tidal current interaction with bathymetric
irregularities and headlands

Currents on the shelf are mainly generated by tides, which occur in response to the
gravitational influence of the moon and the sun. Following Zimmerman (1981),
Robinson (1983), Pattiaratchi and Collins (1987) and Huthnance (1982a,b), when the
flow passes over a seabed irregularity (a sand ridge), the water is compressed, so that
the flow is accelerated up the front slope. The water column is stretched on the
downward slope and the flow is decelerated. Therefore the water column experiences
a larger Coriolis acceleration (which depends on velocity) on its shallower areas than
on its deeper areas. As potential vorticity (sum of the planetary and local vorticity, all
divided by the water depth) must be conserved along the fluid trajectory, clockwise
(negative) vorticity (in the northern hemisphere) is generated in the shallower part of
the bank. Also, bottom friction stress will be larger in the shallower water column
(since the current speed is fastest) than in the deeper water column. The tidal flow
will therefore experience a friction-induced torque if its orientation is oblique to the
crest of the seabed irregularity. This torque produces vorticity which is oriented
clockwise (anticlockwise, resp.) as the flow moves upslope and anticlockwise
(clockwise, resp.) when the water moves downslope, if the crest of the irregularity is
oriented anticlockwise (clockwise, resp.) with respect to the flow. Combining both
effects (Figure 1.3) results in an eddy circulation in the residual current around the
bank.
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(p, - P)gdy,’
2

pU

Y= Equation 1.2

Where ds is the median grain diameter and v is the kinematic fluid viscosity (equal to

1.3x10°m?s™ for a salinity of 10 ppt and a water temperature of 10°C).

logé

shield ,cr

=0.041(logY)* —0.356logY —0.977,Y <100
1086404 » = 0.13210gY —1.804,100 < Y < 3000 Equation 1.3
B, icia.cr = 0.045,Y > 3000

The critical shear stress (1) is obtained from inserting Ogpieia,cr in Equation 1.1.
The critical shear velocity (us) at the seabed is calculated from the quadratic law:

T, = pul, Equation 1.4
The shear velocity (u-) at the seabed can be extrapolated to any height above it (u,)

within the boundary layer using the Von Karman-Prandl relation, with the constant K

equal to 0.4:
v gz | Equation 1.5
u. K z

Hence, the critical velocity at the seabed (us,) can be extrapolated to one meter above
the seabed supposing that the boundary layer extends up to this height, allowing use
of the Von Karman-Prandl relation:

Meroo _ 1,100 Equation 1.6

U K z
Where z is the bottom roughness parameter set equal to 5 mm in accordance with

values from Pattiaratchi and Collins (1984, 1985), Collins et al. (1995) and Soulsby

(1997) selected for similar environments.

1.2.2.2. Estimation of specific sand flux under steady
currents

It is difficult to measure sediment transport fluxes in marine environments because of
the variety of mechanisms involved (sediment mobilisation and deposition, behaviour
of individual sand particles during transport, etc.) and the complexity of the

hydrodynamics (turbulence, presence of waves, etc.) (Carmenen and Larroudé, 2003).
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As the current speed increases, the mode of sediment transport evolves from primarily
bedload (hopping, saltating, sliding or toppling) to suspended load (sediment particles
supported by fluid turbulence). Many different formulae are available to estimate
transport by steady flows (Dyer, 1986). Attempts to evaluate these formulae in marine
environments and more especially in tidal-dominated areas have shown discrepancies
between measured and estimated fluxes of up to one order of magnitude
(Heathershaw, 1981; Pattiaratchi and Collins, 1984; Pattiaratchi and Collins, 1985).
However, amongst all the different approaches, Bagnold’s (1963) method has been
widely used to estimate bedload flux from current speed because of its simplicity and
its physical basis based on the concept that rate of work applied on the sediment
particles is proportional to the available stream power. Gadd et al. (1978)
reformulated Bagnold’s equation into Equation 1.7, and calibrated it with transport

rates in the New York Bight.

Uloo

]Uloo|

where q is the transport rate, Ujgo is the velocity one meter above the seabed and

q = (| U1ee] - Uer0)’ Equation 1.7

Ucr,100 is the critical shear velocity one meter above the seafloor calculated from the
previous section. Parameter 3 is an efficiency coefficient ranging between 1.73x107
to 7.22x107 kg.cm“‘.s2 (Gadd et al., 1978), and chosen equal to 5.58x10” kg.cm®.s,
following Pattiaratchi and Collins (1985) in the Bristol Channel. The bold styles

denote vectors.

1.2.2.3. Combined wave and current sand transport
Supposing waves are monochromatic with a period T, and wave height H,, the
maximum wave orbital velocity (U,) and amplitude (Ap) near the seabed (at water

depth h), can be calculated using the relation:

U =—"% _ and 4 ="» Equation 1.8 a,b
T, sinh(kk) "~ o duation 162

Where sinh is the hyperbolic sine and k is the wave number computed iteratively from

the following dispersion equation:
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o’ = gk tanh(kh) Equation 1.9
where tanh is the hyperbolic tangent, © is the wave angular frequency (0=27/T), g is

the acceleration due to gravity.

Methods for estimating sediment transport under the combined effect of waves and
currents are still under discussion (Dyer, 1986; Soulsby, 1997). The Grant and
Madsen (1986) method remains the most widely used and was used in this work,
owing to its extensive empirical verification (Cacchione et al., 1987; Lyne et al.,
1990a; Lyne et al., 1990b; Cacchione et al., 1994). Algorithms to compute T.w, from
this method were taken from the freely available SEDTRANS 96 source code (Li and
Amos, 2001).

According to Grant and Madsen (1986), a wave boundary layer, with physical
similarities to the current boundary layer, develops during the wave cycle. The
thickness of the wave boundary layer (d.w) is defined by the equation:

_ 2Ku,,
v

o,

cw

Equation 1.10

where K is the Von Karman constant (K=0.4) and ux. is the shear velocity under the
combined wave and current stress which is assumed to be proportional to the wave-

only shear velocity (usy) as follows:

U, =u.,C> Equation 1.11
and
2 0.5
U, = (%W’—"’—] Equation 1.12

The wave current factor (f.w) is determined iteratively from the following equation

assuming an arbitrary ratio of wave to current C; initially equal to one:

1 1 C.ub ' :
Py 1og{ v j = log( oz, ]+ 0.14(41,°)-1.65 Equation 1.13

As outlined by Grant and Madsen (1986), within the wave boundary layer the
following equation governs the near-bed velocity in the case of combined current and

wave flows:

2
u‘ Z -
u, =—-—In— Equation 1.14
u. z,

cw
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where usx is the total current shear.
Above the boundary layer the equation governing the shear velocity is written as
follows

u, = “ejn-Z Equation 1.15
K z

where zy. is the apparent bed roughness experience by the current in presence of
waves. By matching the current within the wave boundary layer (Equation 1.14) with

the current above the boundary layer (Equation 1.15) at z = ¢, within the following

equation allows to compute us,

u, = e || Zoe |1n e +In| = Equation 1.16
K |\u.,, zZ, o,

Combining Equations 1.9 to 1.15 with 1.16, allows to evaluate C,, as follows:

2 4 0.5
C, ={1+2(u"j cos¢9+(u'cJ } Equation 1.17
u;w utw

where 0 is the acute angle between the tidal current and the direction of wave

propagation. C; is reinserted in Equations 1.12 and estimates of usc, sy, Usw and f.y
are refined until numerical convergence on C; is reached. Using the Karman-Prandtl
relation describing the logarithmic profile of the current, the total shear stress at the
bottom (once convergence on Cr as been reached) can be converted to the velocity at
one meter above the seabed and inserted in Equation 1.1. Vectorial addition of the
current induced shear stress only and the wave induced shear stress is used to obtain
the direction of the total shear stress under the combined action of the tidal and wave

currents.

1.3. Sand banks

Sand banks are significant features of continental shelves and coastal regions. They
can be up to several tens of kilometres in length and have length/width ratios greater
than 40 (Amos and King, 1984). Their locations depend generally on the presence of
tidal currents strong enough to mobilise sand and the availability of sand. They are
found in open seas, mouths of estuaries and adjacent to headlands (Dyer and Huntley,
1999). One of the most accepted explanation for their origin is that they are the

product of the interaction between currents and associated sediment transport with a
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bathymetric irregularity as the post-glacial sea-level is rising (Berné et al., 1998;
Reynaud et al., 2003). These authors suggested that a rapid sea-level rise may lead to
the preservation of a sandbank as a “moribund bank”. This notion of moribund banks
was introduced by Kenyon et al. (1981), who used it to describe sandbanks showing
no evidence of active sedimentary transport (such as sand dune migration) and lying

in areas of weak currents.

Sandbanks are believed to be maintained by present day local sediment transport
regimes (Berné et al., 1998) that could differ from the regimes involved in their
formation (Pattiaratchi and Collins, 1987; Dyer and Huntley, 1999). The sand that
composes the sandbanks generally originates from the erosion of adjacent coastal or
seabed areas. It is generally a relatively well sorted medium to coarse sand (Stride et
al., 1982), which in some case can be colonised by an assemblage of benthic
communities (Dewicke et al., 2003) or is entirely composed of bioclastic carbonates
(Farrow et al., 1984).

Due to the complexity of the environment, confusion has arisen in the terminology
related to sandbanks. Dyer and Huntley (1999) have recently tried to reconcile the
different terminologies and synthesize previous work. They suggested the following
process-based classification recently modified by Kenyon and Cooper (2004) that
aims at relating the morphology of the banks to the tidal and wave current regimes

and the sedimentary constraints.

1.3.1.Morphology and classification
The three types of sandbanks that Dyer and Huntley (1999) and Kenyon and Cooper
(2004) describe in their classification concern banks that occur in open shelf seas,
estuary mouths and delta fronts and those associated with headlands. Examples of all
these different types of banks can be found along the coasts of the United Kingdom
(Pantin, 1991; Kenyon and Cooper, 2004).
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effect. However, Harris (1988b) presented examples of anticlockwise offset banks in
the Southern Hemisphere. This argument points out that other factors must also play a
role in the geometry of the tidal currents around sandbanks, such as bathymetric

control occasioned by pre-existing configuration.

Bank crests are generally flat-topped in shallow water, but can be sharper in deeper
water depths (over about 50 m). An excess of sand supply and a gradient in the
sediment flow are responsible for their growth while waves are generally considered
to limit the bank’s height (Huthnance, 1982a,b) and to redistribute sand along the
flanks. Estimates of sediment fluxes (McCave and Langhorne, 1982) indicate that
lengthening of banks occur because of a greater amount of sediment deposited at one
extremity of the bank compared to the amount of sediment eroded at the other
extremity. In some cases, their crests can develop a kink (Deleu et al., 2004) and
become increasingly sinuous (Caston, 1972). Caston (1972) suggested that parallel
linear banks may originate from splitting of such sinuous banks (Figure 1.5, type I b).

1.3.1.2. Estuary mouth and delta front ridges
Estuary mouth ridges (Figure 1.5, type II a) are more characteristic of macro-tidal
estuaries. The essential differences between this type of bank and the open shelf
ridges is that they lie parallel to the flow, the sediment supply can be more limited
and that the restriction of the mouth of the estuary induces increasing shear stress near
the head of the estuary (Stride et al., 1982). Deltas can also host this type of bank, as
they can have a copious supply of sand. However they are often found at the seaward
end of the delta while estuary mouth ridges occur closer to the inner part of the

estuary (Harris, 1988a).

Examples of estuary mouth ridges are the Cardiff Grounds, Holm Sand, Culver Sand,
One Fathom Bank (see section 1.5.3) in the Severn Estuary/Inner Bristol Channel
(Harris, 1982; Stride and Belderson, 1991; McLaren et al., 1993). Other examples
have been observed from the Thames Estuary (Harris, 1988a), in the Bay of Fundy
(Dalrymple, 1984), in the Chesapeake Bay (Perillo and Ludwick, 1984), in the San
Fransisco Bay (Rubin and McCulloch, 1980), in the mouth of Moreton Bay
(Australia) (Harris, 1988a) and in the Bahia Blanca (Argentina) (Cuadrado and
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Perillo, 1997). Intermediate cases between open shelf ridges (section 2.3.1.1) and
estuary mouth ridges may be found in straits, such as in the Calais-Dover Strait (Le

Bot and Trentesaux, 2004).

Explanation of their occurrence can be found in the inland shoaling and narrowing of
macrotidal estuaries resulting in an increase of the tidal range and consequently to
large currents and to an increase of the shear stress on the seabed. Major asymmetry
between the ebb and flow currents is one of the main hydrodynamic characteristics of
estuaries. This can result in net bed load convergence of sediment leading to linear
seabed features such as sand ribbons or sandbanks. In the latter case, banks are
generally aligned with the flow. Sandbanks may also develop downstream of the bed
load convergence, preferably in wide-mouthed estuaries, where the ebb flow is
dominant, as in the outer Bristol Channel (Harris, 1988a). Their presence, however, is

more usually related to coastal headlands.

1.3.1.3. Banner sand banks

The location of these banks is commonly attributed to the presence of residual current
eddies (section 1.2.1) generated by the tidal flow passing a coastal irregularity
(Davies et al., 1995) or an island (Wolanski et al., 1984). These sand banks are then
likely to appear either directly attached (generally in non-tidal environments) to the
obstacle or separated (generally in a tidal environment) by a sediment-swept channel
(Figure 1.5, type III a). Also, headland or coastline irregularities change the rate of
longshore sediment transport along beaches from waves (Figure 1.6). If the tidal
currents are omitted, it can be shown that faster longshore drift is experienced along
beaches facing the average wave direction (Ashton et al., 2001). Similarly, little
longshore drift is expected for part of the coastline sheltered by the presence of the
headland. Hence, variation in the intensity of the flux of sand transport induces sand
to accumulate near the headland. Such accumulation of sand is reworked by the
strong tidal currents. Hence the role of waves must also be investigated to explain

how banner sandbanks are maintained.
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Figure 1.6 Variations of the longshore wave-induced sediment transport flux at the vicinity of a
headland. Longshore sediment transport is maximised along the coast facing the average wave
direction, whereas it is minimised along the coast sheltered from the wave action by the headland.
Hence wave-induced longshore current induces sand accumulation near the headland. This sand
accumulation is reworked by the strong tidal currents at the vicinity of the headland.

Numerous examples of banner banks occur around the British Isles, such as the
Skerries Bank (Start Point, English Channel), Stanley and North-west Banks (Lundy
Island, Bristol Channel), the Devil's Ridge, Tripods and Bastram Shoals (Lleyn
Peninsula, Cardigan Bay), the Helwick, Scarweather and Nash Sands, Mixon Shoals
(Bristol Channel), the Shambles and Portland Banks (Portland Bill, English Channel),
the King Williams, Ballacash, Bahama and Wart Banks (Isle of Man, Irish Sea). Few
cases, however, have been studied in detail and reported in the literature. One
exception is the Shambles and Portland Banks complex off Portland Bill (Pingree,
1978; Pingree and Maddock, 1979; Signell and Harris, 2000; Bastos et al., 2002;
Bastos et al., 2003a,b; Bastos et al., 2004). In that case, and in most tidal cases, two
banks are located on both sides of the obstacle, with one of them generally better
developed than the other. Sediment transport is in the same sense as eddies generated
at the headland (away from the headland in the outer area and towards the headland in
the area close to the coast) (Bastos et al., 2002) leading to a linear zone of bedload

convergence. This zone of convergence occurs over the crest of the bank.

In the case where the coastal promontory is retreating, the position of the banks will
not be fixed. Following headland retreat some banks may develop parallel to the coast
(Figure 1.5, type III b). These last types of banks share similar characteristics to open-
shelf banks. Examples include the Norfolks Banks in the North Sea (Swift, 1975) or
Horns Rev, in Denmark (Kenyon and Cooper, 2004).
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1.3.2. Mechanisms of formation and maintenance
The next section will present physical models proposed to explain the formation and
the maintenance of sandbanks. They all focus on the causes of gradients in currents

and their implications for the initiation and growth of sandbanks.

1.3.2.1. Secondary circulation
The secondary circulation is the pattern of currents measured perpendicular to the
main (forcing) tidal current that is created by the interaction of the main current with
the irregularities on the seabed. The first observation that tidal currents were altered
over a sandbank was suggested by Off (1963) and Houbolt (1968). They measured
slower secondary flows over the crest of the sandbank and proposed a model of
circulation consisting of two counter-rotating vertical spirals, which converge close to
the seabed on the crest and diverge at the top of the water column (Figure 1.7). The
common asymmetry of the bank is simply explained by the currents of -one of the
spirals being stronger than the other. Evidence to support this idea has been found in
the current rips observed at the sea surface. Some authors (McCave, 1979; Swift and
Field, 1981), however, suggested that, even if these spiral flows exist, and may be
responsible for the fining gradient in grain size from the trough to the crest observed
on some sandbanks, the strength of these secondary currents is insufficient to create
the bank topography. Furthermore, this idea requires the pre-existence of a
topographic positive irregularity on the seabed, and thus would not explain how

sandbanks originate.

ALl

Figure 1.7 Early view of the development of secondary currents over rhythmic sandbanks. Circular
convergent secondary currents were interpreted to cause growth and maintenance of these bodies (from
Houbolt, 1968)
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Smith (1969) showed theoretically that the component of the flow over a seabed
feature should create a bed shear stress with a peak that should occur upstream of the
feature’s highest point. Since the bedload transport flux is related to the shear stress,
he asserted that seabed features are eroded upstream of their crests and sediments are
deposited downstream of their crests. Thus, once initiated a bedform should migrate
downstream. In a tidal flow, the tidally-averaged flow, and thus the sediment flux, on
either side of the feature would be towards the crest. Smith (1969) extrapolated this
theory from the sand dunes to larger scale features such as sandbanks. Swift and Field
(1981) reported a sand grain size distribution consistent with Smith’s model.
However, Hulscher (1996) proved mathematically that vertical circulation and
associated shear stress on the bottom of the type and intensity anticipated by Smith
(1969) were relevant at the dune scale or smaller but are irrelevant to bigger seabed
features, as a purely advective sand transport approximation does not hold at this
scale under oscillating tidal flows. Hence Smith’s theory cannot hold for sandbanks,
though it can have a role in the sand grain size distribution over the bank and the

geometry of superimposed dunes.

1.3.2.2. Stability models
One of the major shortcomings of the models described in the previous section is that
they considered the currents to be the main cause of occurrence of seabed features but
without considering how these currents would vary with the changing topography
caused by the sediment transport. A new approach (Huthnance, 1982a,b) was to
consider both the sediment transport and the hydrodynamics. His model consists of an
equation representing depth-averaged currents and a simple bedload transport
equation, with the flux a function of current speed and bed slope. The model was used
to show how a growing bedform interacts with the current flow. Some conclusions
from this model are worth mentioning: (1) the orientation of the axis of the sandbank
with respect to the tidal flow is predicted to be ~30° anticlockwise (as generally
observed for open shelf ridges) due to seabed friction and (2) the optimum
wavelength of the growing perturbations is predicted to be ~250 times the mean water
depth. As a result of friction it was also suggested that the along-bank component of
the tidal current should slow down whereas, due to conservation of current discharge,

the across bank component should speed up (Figure 1.8). Therefore Huthnance’s
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1.3.2.3. Implication of tidal eddies generated at headlands

Eddies generated by vorticity from the tide passing a headland has been described
Section 1.2.1 and has been related with the occurrence of sediment deposits (Pingree,
1978; Pingree and Maddock, 1979; Pattiarchi and Collins, 1987; Park and Wang,
2000; Bastos et al., 2002). Pingree (1978) proposed the ‘tidal stirring concept’ to
explain the formation and maintenance of banner sandbanks. Using a depth-averaged
model of the tidal currents near Portland Bill (Bastos, 2002) he observed that the
anticlockwise residual (tidal currents average on several cycles) eddy located on the
eastern side of Portland Bill was associated with Shamble Bank, while a clockwise
residual eddy system was associated with the Portland Bank on the west of the
headland. He suggested that sand deposition occurs at the centre of the residual eddies
and explained the difference of growth of each bank as a function of the relative
influence of the Coriolis effect and inertial and gravitational forces (Zimmerman,
1981).

However, a transient characteristic in the flow associated with instaneous eddies
generated at the headland and the influence of the changing topography of the
sandbank were omitted in Pingree’s concept (Signell and Geyer, 1991; Bastos et al.,
2002). Signell and Harris (2000) numerically tested Pingree’s model both for a
bedload transport and suspended transport and demonstrated that instantaneous
pattern of shear stress and sediment fluxes over a tidal cycle were important in the
formation and maintenance of sandbanks. Moreover, Signell and Harris (2000)
consistently explained the occurrence of migrating bedforms associated with
sandbanks as spatial and temporal variation of the bed shear stress. They suggested
that a better understanding of spatial variation of the sediment flux could lead to a
better understanding of the implications of sediment transport processes on headland

associated sandbanks.

1.4. Sand dunes and their significance

The occurrence of sand dunes in various environments (rivers, estuaries, and down to
the outer shelf) has led to an early interest in these features and a large volume of
research. The main features of sand dunes that have been extensively studied are:
their morphology, their internal structure, their nature and the quantity of the sediment

that composes them, their relation to the flow, their stability in response to
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environmental constraints and their migration. There has, however been confusion in
the terminology in terms arising from different approaches used to study them
(Ashley, 1990).

Sand dunes on the seabed show a hierarchical organisation related to the flow shear
velocity (Figure 1.1). Flow-transverse high to medium sand dunes commonly occur
on sandbanks (Figure 1.1, Table 1.1) and may be covered by smaller dunes. The
morphology of sand dunes superimposed on sand banks is commonly interpreted to
reveal the sediment transport direction and infer aspects of the hydrodynamic
environment. Numerous authors have used their plan-view orientations and sense of
asymmetry to interpret sediment transport paths around sandbanks (Table 1.1). Dunes
commonly are evident on the flanks of the banks, while they are usually absent on the

crest.
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. Water Dune characteristics Survey
Author Location depths method
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Collins et 18 and 40 .
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records
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al. (1999a) Sea becoming smaller and sonar
discontinuous on the
crest of the bank.
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Table 1.1 (previous page) Selection of reported studies detailing active sandbanks showing
superimposed migrating sand dunes.

1.4.1.Morphological descriptors
Dunes are spatially repetitive seabed features, which range in height from several
centimetres to 25 m (Mosher and Thomson, 2002) and spacing from several
centimetres to 1000 m (Allen, 1982). They are commonly characterised by their
amplitude or height and wavelength or spacing (Figure 1.9). A genetically significant
morphological classification of transverse subaqueous dunes can be found in Berné et
al. (1989b) and Ashley (1990) which is now widely adopted and will be used here.
They suggested that the same processes form all flow transverse bedforms, so that
they should all be classified as dunes. Their different sizes and shapes are simply the

result of local effects of the flow on the sediments.

Spacing

A
\{

Lee slope

Stoss slope

AA

Y
~ A

\A/

Stoss slope length ee slope length
(X)) X))

Figure 1.9 Definition diagram for sand dunes

First order descriptors of dune geometry

Small Medium Large Very large
Height 0.075-04m | 0.4-0.75m 0.75-5m >5m
Spacing 0.6-5m 5-10 m 10-100 m >100 m
Shape 2-dimensional or 3-dimensional
Second order descriptors Third order descriptors
bedform profile
Superposition (angle of the stoss and the lee
(ripples over small dunes) slopes)

sediment characteristics (size and sorting) Local characteristics of the flow,

history of the dune migration

Table 1.2. Sand waves descriptors following Ashley et al (1990)
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In cross-section, the degree of asymmetry is determined by the ratio of the horizontal
distances of the dune stoss slope (Xs) to lee slope (Xi) (Allen, 1980a), (i.e. Xs/XL).
Asymmetric sand dunes are generally associated with unidirectional flow or
asymmetric tidal currents. In the latter case, their morphology is characterised by the
presence of a rounded crest (McCave, 1970; Langhorne, 1982; Berné, 1993), also
known as in “cat-back profile”. In reversing tidal currents, it has been assumed that

the steepest flank indicates the orientation of the strongest current.

Some sand dunes are covered with dunes of smaller size also called ripples (McCave,
1970; Dalrymple, 1984), which range from several centimetres to several meters in
height and are typically tenths of meters in spacing. According to Rubin and
McCulloch (1980), the presence of superimposed dunes is due to the development of
a boundary-layer induced by the host dune, in which the small dunes are in
equilibrium. They cover the stoss flank of the hosting dune rather than the lee side, as
the flow detaches over the lee side, inducing the development of a boundary layer
(McLean, 1989). Carling et al. (2000a) and Whitehouse et al. (2000) emphasise their
role in the sediment transport. McCave (1971), Terwindt (1971) and Rubin (2000)
observed that their migration towards the crest of the host dune was accompanied

with an increase of their amplitude.

In plan-form, sand dunes can be classified as two-dimensional (linear crested) or
three-dimensional (sinuous crested). Costello and Southard (1981) attributed the
development of three-dimensionality in tidal areas to the strength of the current.
Terwindt and Brouwer (1986) suggested that the variability of the flow direction and
hence the sediment transport determine whether dunes are 2D or 3D. Differential
migration of the crest (crest flexing) due to gradients in the across-dune celerity of the

current has also been argued to create 3D dunes (Dalrymple and Rhodes, 1995).

1.4.2.Relation of the dune with tidal flows and sediment
transport

The stability of sand dunes has been investigated by McLean (1989). He
demonstrated that shear stress acting on the stoss side tends to increase towards the

crest of the dune due to the acceleration of the flow associated with constriction over

1-22



Banner sandbanks, associated sand dunes and sediment transport in the Bristol Channel

the dune crest. A strong deceleration occurs beyond the crest as water depth increases
along the lee slope. If the lee slope is more than 1/15 (~1°), the flow detaches at the
crest and reattaches at a point on the stoss flank of the downstream dune. In the area
of detachment, the flow is turbulent (Bennett and Best, 1995). In some cases a
counter-current may exist which moves sediment up the lee side of the dune (Dyer,
1986). However the details of sediment transport in the turbulent area are still not
very well understood and in reversing flows the feedback between topography and
flow is even less well understood (Seminara, 1998). Nevertheless various authors
have tried to find empirical relationships between the geometry of transverse dunes
and the characteristics of the flow as they all clearly observed a relation between
hydraulic form roughness (occasioned by the dune morphology), flow condition and
sediment transport. Hence relations between the maximum height (Hma.x) and
corresponding spacing (L) of dunes have been investigated. An empirical power-law

relationship was provided by Flemming (2000):

H_ =0.0677L"%%* Equation 1.18

Figure 1.10, presents a scatter plot incorporating the data used by Flemming to
compute Equation 1.18 trend. These data are representative of flume experiments,
riverine and marine (subject oscillatory currents such due to the tides and waves)
environments. Hence this relation reflects a mean global trend and serves as a

reference against which local trends can be compared.
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showed that this number decreases as the dunes crest will re-orient normal to the
average flow direction. Hence, it can be argued that plan-view complexity can arise

from the changes in flow direction over tidal cycles.

1.4.3. Migration and mutual interaction of dunes in plan-
form

Migration rates of sand dunes range from quasi-immobile to up 700 m.y" (Wever,
2003). Maximum migration rates are generally observed in unidirectional flows. This
wide spectrum of celerity can be related to environmental factors such as the strength
of the tidal current (Seminara, 1998; Blondeaux, 2001) or the avaibility of sand and
its grain size (Allen, 1984). Dune migration generally occurs as: (1) sediment is
transported up the stoss flank of the dune as bedload and (2) avalanching occurs on
the lee side as well as suspended sand transported in the detachment flow to the next
trough.

In tidal flows sediment is not transported below the sediment threshold of motion
(Uer). Reversing may lead to an oscillation of the displacement (Langhorne, 1982) and
in some case when the tidal cycle is perfectly symmetric, there is no net residual
migration (Lanckneus and De Moor, 1991). Lateral variation of the migration rate can
be significant over small distances (Langhorne, 1973; Aliotta and Perillo, 1987).
Small dunes can be highly responsive to short term variation of the current, while
migration rates of large dunes can be related to longer term variations of the current
such as neap-spring cycle (Berné, 1993). Fenster et al. (1990), for example, measured
at the same site, migration rates of 100 to 300 m.y'l, 25-75 m.y™" and few centimetres
per year, respectively, for small dunes (H < 0.25 m), medium dunes (H = 0.5 to 3 m)
and large dunes (H > 3 m). According to Langhorne (1982), morphologic changes
during a single neap-spring cycle can be limited to the crests of very large dunes. In
the case of composite dunes, the host dune generally migrates slower than the
superimposed smaller dunes (Dalrymple, 1984). However, Carling et al. (2000a)
showed that composite dunes migrate more slowly than simple dunes of the same

volume.
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1.4.4.Estimation of sediment transport associated with
dune migration

Study of dune movements in the Mississippi (Harbor, 1998), Idle (Crickmore, 1967),
Sacramento (Dinehart, 2002), Fraser (Kostaschuk and Villard, 1996), Rhine and
some Dutch rivers (Van den Berg, 1987; Ten Brinke et al., 1999; Carling et al.,
2000a,b; Wilbers and Ten Brinke, 2003) demonstrated that dune tracking is a useful
method for determining sediment transport fluxes. Two methods are employed to
detect bedform movement with echo-sounders. The first consists of recording the bed
elevation at a fixed point, where the passage of a bedform appears as a waveform of
changing elevation (Nordin and Algert, 1966). By using a second recorder, separated
by approximately a dune wavelength, celerity of the bedform can be measured. This
method is especially suited for studies in flumes (Engel and Lau, 1980). The second
method, most commonly used in natural environments, is based on the correlation of

bedforms recorded at different times.

The development of theoretical principles for the estimation of the specific volumetric
sediment transport flux is based on the work of Engel and Lau (1980). The continuity
equation (Equation 1.19) representing the conservation of sand mass (Allen, 1997) is

first introduced as follows:

0y 0z _
ox ot

0 Equation 1.19

where Qyr is the specific volumetric transport flux (m*/m/unit of time) equal to the

mass transport flux (kg/m/unit of time) divided by sand bulk dry density. This

00y

equation represents how spatial increase in Qs (positive ) leads to erosion

. Oz
negative — ).
(negative at)

Kinetic equation for the propagation of the dune (Equation 1.20) is also presented:

oZ__ % Equation 1.20
Py o quation 1.
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This relation is representing how local erosion rate (% ) depends on the speed of the

migration of the dune (c) and the local bed gradient (%)
x

Equations (1.19) and (1.20) are combined, leading to :

Oy = cgZ Equation 1.21

ox Oox

Supposing a constant migration of the dunes, integration of Equation 1.21 leads to:

Qrr(x) = c(z(x) — zo) Equation 1.22
Over an entire wavelength, the average flux represented by dune migration is:

Qv = % I (z(x) — zo)dx Equation 1.23
0

Defining the specific volume of the dune (Vy¢), which can also be seen as the cross-

sectional area of the dune as follows:

w
Vy = j z(x)dx Equation 1. 24

0
If the origin of z is taken to coincide with the troughs, Qu{(Zwougn) = 0, which is

equivalent to supposing that the flux of sediment transport goes to zero at the troughs.

c
obf = Z -be

which can be written as follows:
Oy =fcH Equation 1.25

v,
considering that f is the shape factor defined as f = ﬁbff .
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This specific sediment flux is generally considered as the bedload sediment transport
rate. However suspended or bypassing sediment may be included in the calculation
(Rubin and Hunter, 1982), hence biasing the estimate of the transport occurring only
as bedload. The main assumption behind the method described in this section is that
dunes migrate without changing shape. The identification of such dunes in successive
echo-sounding surveys can be difficult because of morphological changes such as
combination or splitting. To overcome this strong assumption the shape factor of each
of the matched dunes (with relatively similar shape) was averaged and used in
Equation 1.25. In tidal environments where dunes migrate in both directions with the
flow the method gives an estimate of the net sediment transport vector. Furthermore,
the method may not represent any transport parallel to the dune crest, such as might

occur from wave currents.

1.5. The Bristol Channel and sand transport paths
1.5.1.Physical description of the Bristol Channel

The Bristol Channel is a funnel shaped embayment open to the Atlantic Ocean and
converging eastward into the Severn Estuary (Figure 1.12). The southern coast is
straight from Bull Point until it turns in the Severn Estuary. The northern coast
contains two bays (Carmarthen and Swansea Bays). The Channel narrows to ~20 km
immediately east of Nash Point. Water depths in the central channel (the Breaksea
Valley) located a few kilometres north of the southern coast range between 60 m to
10 to 20 m below chart datum. This valley probably originates from the flowing of the
Severn River during times of lower sea-level. Apart from this valley, the seafloor

slopes gently.
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Banner sandbanks, associated sand dunes and sediment transport in the Bristol Channel

1.5.2. Geological framework and post-glacial sea-level
history

Because this thesis is concerned with recent sediment deposits, a complete description
of the stratigraphy and the tectonic events affecting the Bristol Channel will not be
provided. The interested reader is referred to North (1964) or Tappin et al. (1994) for
such details. Exposed bedrock in the Channel is generally of Jurassic and Triassic age
(Evans, 1973). Early glacial sedimentary deposits dated from around 150 ka B.P. have
been attributed to the combined effect of the Welsh and Irish Sea ice sheets (Britton,
1978; Harris, 1982). During the next inter-glacial (Ipswichian) stage, the mean sea-
level rose to 17 m higher than the present day level (Allen, 2002). The Last Glaciation
Maximum occurred between 16 and 20 ka B.P. and led to new sediments being
deposited (Harris, 1982). During the Flandrian transgression, the sea-level reached its
present level between 3 to 5 ka B.P. From this time to the present days Haslett et al.
(1998) and Jennings et al. (1998) estimated the rate of sea level rise in the Bristol
Channel to be between 0.41 to 0.8 mm.y™' (Figure 1.14). The bathymetry maps shown
later suggest that the area surrounding the Helwick (about 20 to 30 m below present
day Mean Sea Level) and the Nash Sands (about 10 to 15 m below present day Mean
Sea Level) would have been drowned around 8 ka and 7 ka BP, respectively. The
beginning of the formation of the Bristol Channel sandbanks is therefore
speculatively dated to this period, although Stride and Belderson (1990) suggested
that the present day circulation and resulting sand transport originated between 3 and
5 ka BP.
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Banner sandbanks, associated sand dunes and sediment transport in the Bristol Channel

in the middle of the channel from sand streams directed east along the northern and
southern coasts. According to this model, the crests of the sandbanks lie at the
boundaries of the opposing westerly and the easterly directed streams. Stride and
Belderson (1990) criticised this model. They argued that a continuous eastward sand
stream capable of supplying sand to the system could not be properly and
continuously identified. Bed-load parting and mutually evasive sand transport
concepts are not exclusive of one another (Stride and Belderson, 1991). In the Bristol
Channel, it appears that mutually-evasive sand paths occur mainly in the Outer Bristol
Channel, while evidences of a bedload parting area was identified in the Upper part of
the Severn Estuary (Figure 1.16). Also, the sediment transport around sandbanks and
its role in the overall system is still questioned (Pethick and Thompson, personal

communication).

1.6. Presentation of the new datasets and the
structure of the thesis

This chapter has related how instantaneous and residual currents in the lee of a
promontory, have been used to explain the origin and maintenance of banner
sandbanks. However, how the banks, now grown, maintain themselves attached to the
coastline has not been addressed in full detail. Furthermore, no study of the sediment

dynamics has focused on the immediate connection of the banks with the shore.

Previous studies of the morphology and dynamics of sedimentary deposits have been
generally undertaken using sidescan sonar. This type of equipment permits a
qualitative description of the marine seabed. Modern multibeam sonar technology
(also known as swathe bathymetry) provides, however, a way to quantitatively
characterise the geometry of these sedimentary deposits both in plan-view and in
height. Moreover this study will demonstrate that repeated surveys of these deposits
permit the quantification of their morphological changes and sand dynamic. Data
presented here will allow determination of wether either side of the bank are in
balance and discussion of how much sand is presumably transported across the bank
to maintain sand volumes. Hence, the present work constitutes the first document
describing the acquisition and interpretation of repeated swathe bathymetry surveys of

banner sandbanks used to infer the dynamics of local sand transport. Two sites have
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been investigated in the Bristol Channel, Helwick and Nash Sands (Chapters 3 and 4),
for their difference in hydro-dynamic characteristics (wave and tide). In both case the
dune kinematics and the inferred sand transport fluxes (from the comparison of quasi-
annually repeated surveys) are compared with calculated sand flux from grain size,
wave and tidal current data. The study of the Nash Sands (Chapter 4) also includes the
migration of dunes over a short time scale (19 days). The extent of the bathymetric
datasets acquired for this study are introduced in the following two sections.
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Banner sandbanks, associated sand dunes and sediment transport in the Bristol Channel

Number
Date l;):t\?vae}éil Type of Geographic extent
the survey
surveys
26 - Port Eynon Bay
Segtg(')‘;ber Multibeam . ctern Helwick (mainly south flank)
328
- Port Eynon Bay
- Eastern Helwick (north and south flank)
133;1‘2 t _ - Along the coast towards Worms Head
2002 Multibeam 'y whole bank with 150 m by 350 m
spacing (between the 22 and the 26 of August
278 2002)
-Eastern Helwick (2 lines from Port Eynon
Point along the southern flank, S lines from
2;(%[;)’ Singlebeam Port Eynon Point along the northern flank, 3

lines along the coast from Port Eynon Point
to Worms Head)

Table 1.3 Repeated bathymetric datasets collected for the purpose of this thesis around Helwick Sands
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Banner sandbanks, associated sand dunes and sediment transport in the Bristol Channel

the extent of the second multibeam survey only. Light grey shows the area covered by both surveys.
2003 Single-beam tracks are represented by black lines.

Number
of days
Date between Type of Geographic extent
survey
the
surveys
16-17-19-
August Multibeam -Eastern Nash (northern and southern flanks
2002 19 and along the coast).
4 -Eastern Nash (northern and southern flanks)
September Multibeam
2002 -Southern flank of mid Nash
263

-8 lines along the coast (Nash Point to
Trwyn-y-Witch), 5 lines on the northern
2; 361;}’ Singlebeam flank, 6 lines alqng the southern flank, 6 lines
between the bank and the coast at the
connection of the bank with the shore

Table 1.4 Repeated bathymetric datasets collected for the purpose of this thesis at the connection of the
Nash Sands

1.6.3.Specific aims of the present thesis

Few field based studies of linear banner banks have been carried out in areas of the
world that experience strong mixed tidal currents and waves such as those in the
Bristol Channel (Section 1.5.1). The two selected sites experience different intensity
of the hydrodynamic forcings, which are morphologically expressed on the seafloor
and which enabled investigation of the processes involved in the movement of sand
around the banner sandbanks near the shore. Specific objectives of this study are as

follows:

(1) To determine the geometry and kinematics of associated sand dunes and

characterise sand migration fluxes at the nearshore end of banner banks.

(ii) To asses whether the sand flux derived by dune tracking are compatible with

data on the tidal and wave currents and grain size characteristics.
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(iii) To asses whether the characterized fluxes are balanced on either side of each
bank

(iv)To compare and contrast Nash and Helwick Sands to see if their different
water depths, tidal currents and wave climates lead to different sand fluxes

and morphology.

1.6.4. Structure of the thesis

Chapter two: “time lapse bathymetric surveys: acquisition, comparison and
interpretation method”

As this thesis strongly relies on the interpretation of high resolution bathymetric data,
this chapter presents the equipment and the processing methods that were used. Also,
a new method for characterising uncertainties between repeated surveys is presented
prior to discussing the significant changes due to sediment erosion/deposition in the
next chapters. Finally, this chapter presents a method based on the application of the
autocorrelation function and directional variograms to the multibeam data in order to
characterise the geometry of sand dunes. Such data are then discussed along with

relationships to flow properties.

Chapter three: “Helwick Sands” and Chapter four: “Nash Sands”

These two chapters describe observations of the banks and the distribution and
geometrical properties of associated sand dunes. Then dune kinematics (migration
rates and calculated sand fluxes) are presented from the comparison of the surveys.
These observations are then discussed with the aim of characterising the
environmental factors involved in sediment transport at the nearshore end of these
banks. These two chapters will have a similar structure to enable a comparison

between the sites.
Chapter five: (Discussion) “Comparison of the Nash and the Helwick connection

with the shore and their relation to the general Bristol Channel sediment

transport”
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This chapter compares the morphology and dynamics of these two banks. These are
discussed along with the difference in tidal regime (stronger for the Nash) and wave
power (stronger for the Helwick) at both banks. The findings of this thesis are
discussed in the context of other banner sandbanks. Limitations and suggested work

will also be presented.

Chapter six: “Conclusion”

This last chapter summarises the findings of this work.
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Time lapse bathymetric surveys

2.1. Introduction
Bathymetric data constitute the main dataset of this study. Other types of data that

support the observations and interpretations will be introduced in subsequent chapters.
Bathymetric data have been acquired with modern acoustic echo sounders. However,
various uncertainties occur related to the equipment used and the survey conditions. It
is therefore essential to present how these data were acquired and assess uncertainties

before any interpretation.

The objectives of this chapter are:

1. To provide an overview of the data acquisition techniques, broadly discuss
their limits and describe basic processing methods applied;

2. To present a new method aimed at assessing the relative vertical accuracy
between repeated bathymetric surveys. The rationale of this part is to evaluate
the accuracy of sand dune change and sediment transport between the surveys,
which will be used in Chapters 3 and 4.

3. To present an innovative method for characterizing sand dune height,
orientation and spacing based on the calculation of the autocorrelation
function and semi-variogram from high-resolution multibeam bathymetric
data. This section aims to characterize quantitatively the geomorphology of

dunes, which can be used to study systematic trends in the datasets.

2.2. Bathymetric data acquisition and processing

2.2.1.Acquisition

Sound waves propagate in the water column. Celerity of the sound in water (V) is
between 1450 m.s” and 1550 m.s™', depending on the salinity and the temperature
which affect the density and the elastic modulus of the medium. Reflection occurs at
the seabed due to the difference of impedance between the water column and the
seabed material. The time needed for the acoustic pulse to travel in the water column,
to be reflected at the seafloor and return to the transducer is known as the two-way
travel time (TWTT). At vertical incidence the water depth is calculated from the
sound wave celerity (V) and the TWTT as follows:



Time lapse bathymetric surveys

_n

5 Equation 2.1

4

where t is the TWTT measured by the echo-sounder.

A piezo-electric transducer transforms an electric signal into an acoustic pulse. The
acoustic pulse is created at the transducer. Because of reciprocity of the piezo-electric
component the returning signal, also received at the transducer, is turned into an
electric signal, amplified and recorded. Uncertainties are induced by multiple
reflection, propagation losses, variations of the sound velocity in the water column
(Lurton, 2002). Horizontal positioning is generally provided by a Differential Global
Positioning System (DGPS). A depth measurement is hence fully qualified by

coupling the horizontal position (x,y) and depth under the sounder (z).

2.2.1.1. Instrumentation
2.2.1.1.1. Single beam echo sounder
Single beam echo sounders collect discrete depth measurements along the vessel’s
track. The transducer points vertically, below the vessel (Figure 2.1a). The TWTT is
measured when the time at which the sharp leading edge of the first returning acoustic
peak is detected. This method is also known as amplitude detection. The resolution of
an echo-sounder defines its detection capabilities. This is a function of the pulse
duration, the angle of incidence of the acoustic wave with the target, the nature of the
target and the beamwidth. Modern transducers transmit pulses of typical duration of

10 to 107 s in a beam of angular aperture of the order of 5-30°.
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Figure 2.1 Geometry of acquisition of bathymetric data (modified after Kerleguer (1992)). Footprint
dimensions are given for a water depth of 10 m.

a) singlebeam echosounder

b) multibeam echosounder (see text for details).

2.2.1.1.2. Multibeam sonar
The multibeam echo-sounder is essentially an extension of the single-beam echo

sounder. Instead of transmitting and receiving a single vertical beam, however, the
multibeam sounder transmits and receives a fan of beams with small individual widths
(1 to 3°) across the axis of the ship. The fan of beams is formed by the “mills cross”
principle described as follows. The multibeam sonar head consist of one transmitting
array (along the axis of the head) and one receiver array (perpendicular to the axis of
the head), each of which are generally composed of ceramic transducers. The
transmitting array emits a wide across-track and narrow along-track beam (typically
150 to 170° by 1° to 3° for shallow water equipment depending on the manufacturer).
The receiver array generates a series of fan-shaped receiving beams that are in planes
parallel to the ship’s direction of travel (typically 1° to 3° in the across track direction,
and 10° to 20° in the along track direction). These beams are either physically or
electronically steered (“beam-steering”). The system then detects echoes from the
narrow areas of the seafloor that are formed by the intersection of the transmitting and
receiving beams (Figure 2.2). For convenience, the intersection of the transmitting

beam and the receiving ones are known as individual beams.
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Across-track direction

Along-frack direction

Figure 2.2 Geometry of multibeam sonar data acquisition (modified from Grant and Schreiber (1990))

Bathymetry measurement by a multibeam sonar corresponds to the determination of
the couple (yh,zn) where y is the horizontal distance and z, the vertical distance of the
footprint on the seafloor relative to the sonar head. This couple is computed from the
measurement of the couple (t, Or) as follows (Farr, 1990):
Vi
=—siné
Yh > R

Equation 2.2
14

z, = —2—cos 6,
where Oy is the angle of the transmitting beams with the nadir. Sound velocity varies
between 1400 m.s™' and 1800 m.s™' with the salinity, the temperature and the pressure.
In unevenly mixed water, the celerity profile may change rapidly, with a direct impact
on the geometry of the acoustic path (ray) in the water column, especially for oblique
beams. The ray of beams at oblique angles must be reconstructed using a ray-tracing
algorithm (Kammerer, 2000) with an accurate knowledge of the sound velocity profile
in the water column. The accuracy of the measurement of the arrival time is also
dependant on the bottom detection method employed by the system. Generally
multibeam sonars use two modes of bottom detection. The amplitude detection,
described earlier for single-beam echo-sounders (Section 2.2.1.1.1) is efficient for
near-nadir beams (see Figure 2.3a). For increasing grazing angles, the echo loses its
sharp leading edge and the accurate determination of depth with the amplitude
detection method, becomes more difficult as illustrated in Figure 2.3a. An alternate
solution is to use the phase detection method, illustrated in Figure 2.3b. This method
consists of measuring the TWTT when the phase difference between two nearby

beams pointing in the same angular direction is null (De Moustier, 1998). The phase
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Time lapse bathymetric surveys

towards the correct direction instantaneously (roll compensation). Bathymetry
measurement errors induced by the position and motion of the platform can hence be
either biased by, for example, the angular misalignment of the sonar head, which is
considered to be stable and predictable or by random fluctuations (jitter) in the
angular measurement of the platform, which are characterised by a high frequency

and are unpredictable.

2.2.1.1.4. Survey equipment

The Odom Hydrotrac echo-sounder
The Odom Hydrotrac echo-sounder was used to collect single beam echo-soundings.

Its frequency is 200 kHz and its beamwidth is three degrees in both the across-track
and along-track directions. The sonar was operated on the Titan Survey company
Surveyor vessel equipped with a Differential Global Positioning System (Trimble
AG132 DGPS) and a heave sensor (TSS DMS-25). The sonar was hull mounted
alongside a sound velocity probe. It detects the seafloor by means of the amplitude
detection method. Its accuracy was tested prior to the surveys by means of a bar
check, which consists of lowering a metal bar at specific depths below the transducer,
comparing the readings against the measured distance between the sonar and the bar.

The specification of this echo-sounder are detailed in Table 2.1.

Frequency 200 kHz
Range resolution 0.0l m
Minimum depth 02m
Maximum depth 300 m
Maximum ping rate 20 Hz

Table 2.1 Odom Hydrotrac single beam echo-sounder characteristics
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The Reson 8101 system
The Reson Seabat 8101 multibeam operates at 240 kHz, generates 101 beams per ping

across an angular sector of 150°. The usable angular sector in shallow water is limited
to ~130°. In shallow waters, the sonar is hence capable of providing a swath coverage
of about 5 times the water depth. However multiple paths (reflection of the signal on
the air/sea and seabed interfaces) may limit the coverage down to 3.5 times the water-
depth. The maximum ping rate for the 8101 system is 30 pings per second. The beam
widths in both the fore-aft and port-starboard directions are 1.5°, and are of equal
angular size regardless of whether they are at the nadir or the outer beams. The design
of the Seabat 8101 utilizes a curved receive array. The curved array allows the system
to generate beams that are orthogonal to the face of the array. The 8101 is capable of
both amplitude and phase detection methods. The Applanix POS-MV220 was used to
measure the position and motion of the survey vessels on which the sonar was
mounted. Sound velocity was measured alongside the sonar head. Because the water-
column was supposed to be well mixed by the strong tidal and wave currents, sound
velocity profiles were recorded only occasionally (every two to three days of survey).
Some of the most important physical characteristics of the equipment are summarised
in Table 2.2.

Frequency 240 kHz
Range resolution 1.25 cm
Minimum depth 0.5m
Maximum depth 500 m
Number of beams 101
Transmit beamwidths (across-track x along-track) 170° x 1.5°
Receive beamwidths (across-track x along-track) 1.5°x 15°
Maximum horizontal coverage 150°
Maximum ping rate 30 Hz
Pulse length 21to0 225 s

Table 2.2 Reson 8101 multibeam echo-sounder characteristics
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2.2.1.2. Limitations of echo-sounders’ ability to record sand
dunes

Sand dunes are finite three-dimensional objects with sizes ranging from ~5 cm to 20
m in height, 10 cm up to 1000 m spacing and extending along crest by a few metres to
few hundreds meters (see Allen (1982), Ashley (1990) and Section 1.4). Since
singlebeam echo-sounders only provide one dimensional profiles, the lateral
continuity of the bedform cannot be investigated without interpolation between the
surveyed tracks. Voulgaris and Collins (1991) also discussed the apparent geometrical
distortion of the dunes cross-sections which can occur depending on the orientation of
the survey tracks relative to the transversal direction of the bedforms. However, single
beam echo sounders provide a cost-effective solution for tracking bedform changes
over time. For the purpose of this work, this type of sonar was used to track dunes

located first in the multibeam surveys.

Theoretically, the ability of multibeam sonar to detect bedforms depends on the
across-track and along-track resolution of the sonar, as well as the density of
soundings. Across-track resolution is equal to across-track transversal beamwidth 21
projected onto the seafloor:

z6;

= Equation 2.3
¥ cos 260 q

Along-track footprint size is equal to the distance of the seabed from the sonar head
times the along-track beamwidth (8.):
x=~6,R Equation 2.4

Hence the footprint size on the seafloor at 10 m for a Reson 8101 sounder is 0.2 cm x
0.2 cm (along-track x across-track) at the nadir, and 0.4 cm x 0.5 cm at a 45° grazing
angle. Supposing such geometry of the surveys, a speed of 8 knots and a typical
pinging rate of 30 Hz, provides a density of footprints on a flat seabed as shown on
Figure 2.4.

Practically, however, due to the precision of the differential GPS system used in these
surveys (constant broadcast from Nash Point), the horizontal data resolution was

around 1 m.
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Time lapse bathymetric surveys

soundings are recalculated and geographically projected, and sea level heights
measured at local tidal gauges are applied.

Finally, the bathymetric data are used to form a digital terrain model (DTM).
Fluctuations (noise) are averaged out within each grid cell. A one meter grid cell size
was chosen here because of the limitation of the DGPS resolution, which had the
coarser spatial resolution. Hence the DTM is created as a grid of cells in which the
soundings are averaged. Single beam surveys are displayed as along-track profiles.

é Editing of navigation data
; (interpolation to overcome DGPS shortage)

A 4

Editing of motion data
(roll, pitch, yaw and heave)

Editing of sounding data

(filtering and manual editing)

Yy

Sound velocity corrections

v

Tidal reduction

Merging of measurements from
the different sensors

| Gridding the bathymetry
i (Generation of DTM)

Figure 2.5 Multibeam data processing workflow

2.2.3.Tidal height prediction method

In order to make valid comparison of the different datasets, it is essential that the
datasets are corrected to a common vertical reference datum. However, the different
datasets have been collected at different stages of the tide and tidal levels were not
always collected in the immediate vicinity of the survey. The following paragraphs
will present a scheme that was elaborated in order to correct tide measurements

recorded at a permanent gauge at the Mumbles for the different time and amplitude of
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the tide in the Helwick area. This method relies on the comparison of a tidal heights
record, concomitantly acquired at the Rhossili Beach during the 2002 multibeam
survey of the Helwick (courtesy of Longdin and Brownig Ltd.) and at the Mumbles.
The justification for using such a method is based on Uncles (1983) who presented the
variation of the phase and the amplitude of the tidal signal in the Bristol Channel. He
showed that these two characteristics vary primarily along the estuary rather than

across it.

The method of comparison consists of finding values of the amplitude scale factor
(Ap) and phase shift (to) minimizing the root-mean-square difference between the two
tide measurements (after applying an amplitude scale factor and a phase shift to one
of them) so that Equation 2.5 can be equated.
H,=4,(H/,(t-t))) Equation 2.5

where Hj is the Rossili tide measurement (used as reference), H; is the Mumbles tide
measurement, Ay is the amplitude multiplier and t, is the time offset.

The amplitude multiplier was iterated from O to 0.2 in steps of 0.01 and the time phase
shift was iterated from O to 10 minutes in steps of 30 seconds. RMS differences
between the corrected Mumbles and Rhossili measurements show a minimum for an
amplitude coefficient of 0.1 and time offset of 7 minutes (Figure 2.6). The RMS
difference at this point is 0.5 m. Figure 2.6a shows an example of the match between

the two tide records with these values of Ag and to.
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Time lapse bathymetric surveys

Survey Date Tide correction method Tide gauge used

Helwick 2001 Amplitude and phase Corrections applied to
shifts Mumbles 2001

Helwick 2002 Direct measurements Rhossili Beach survey

2002

Helwick 2003 Amplitude and phase Corrections applied to
shifts Mumbles 2003

Nash 2002 Direct measurements Scarweather bank

Nash 2003 Direct measurements Hinckley Point

Table 2.3 Tidal height corrections

2.3. Vertical sounding assessment of uncertainties
Time-lapse bathymetric data have revealed valuable information on a variety of active

earth science processes such as the spatial distribution of erupted lava (Fox et al.,
1997), the advance of delta fronts (Kenyon and Turcotte, 1985; Pirmez et al., 1998),
the mobilization of material involved in submarine landslides or floods (Urgeles et al.,
2002), the migration and changing geometry of tidal and river bed sand dunes
(Carling et al., 2000a; Van Lancker and Jacobs, 2000; Zeiler et al., 2000; Villard and
Church, 2002; Wilbers and Ten Brinke, 2003) and changes in beach shorefaces
(Komar, 1998). Comparative bathymetry analyses are also carried out in practical
hydrographic surveying to document changes in channel depth for navigational safety,
to monitor dredge dumpsites, to quantify dredged sediment volumes and sediment
transport budgets. Many of these applications, however, have not included
assessments of uncertainty, making the significance of the bathymetric changes
difficult to appraise. Also, before any attempt to quantify bathymetric changes
induced by sediment transport around the Helwick and the Nash sandbanks, it is
important to assess the level of relative vertical accuracy of the data collected.
Various environmental factors induce systematic or non-systematic vertical errors on
bathymetric data. We subdivide vertical inaccuracies into systematic bias and non-
systematic uncertainties. Systematic bias, causing a general depth offset between
surveys, includes errors in measuring sonar mounting height, but can also include

variations of long timescale, such as tidal correction errors or vessel draft, if they
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Time lapse bathymetric surveys

occur over a period typically longer than the time needed to survey an individual line
(typically greater than few minutes). This bias is easily removed by finding the mean
vertical offset between two datasets, but the uncertainties of shorter spatial and
temporal wavelengths are more difficult to assess and can have large magnitudes.
Short-wavelength uncertainties are related to the intrinsic noise resulting from the
technology, such as ambient noise and motion sensor error. Although not easy to
remove, the quantification of their characteristics allows determination of the limits of

significant change.

The common practice has been to assess the intrinsic accuracy of each survey
individually knowing the instrument characteristics and the conditions under which
the data were acquired (Van der Wal and Pye, 2003). However, the full error budget is
often difficult to assess as individual component uncertainties are poorly known. We
instead take an approach of deriving relative uncertainties more directly from the data.
The method is based on a graph presented in Dunn et al. (2001), who calculated the
difference of bathymetry collected in two surveys over the East Pacific Rise. They
derived a series of histograms of depth differences between the two surveys, with
each histogram calculated with data filtered over a different spatial scale. The
variability of depth differences was then shown to decay with increasing filter size as
expected if differences were spatially uncorrelated random noise and hence there was
no resolvable change. In this section, we extend this technique to show how spatially
correlated noise can be characterized and then use the results to produce maps of
uncertainties and significant seabed change. This method is qualitatively analogous to
that of Goff and Kleinrock (1991) who resolved spatial characteristics of co-located

bathymetry using the data covariance.

2.3.1.Quantifying vertical uncertainties between co-located
bathymetric data

2.3.1.1. Method

Using data from an immobile area of seabed (the "benchmark"), the bathymetry data
were convolved with a boxcar filter (moving average). The spatial size of the filter

was progressively increased so that the decrease in small-scale fluctuations with
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increasing filter width could be studied. A maximum value for uncorrelated
fluctuations is then revealed at small filter size, while the way in which variability
declines with increasing filter size at broader scales reveals the influence of spatially
correlated noise.

Any difference remaining after very large-scale filtering (defined as 100 m scale here)
then provides an estimate of the systematic bias between the surveys. The method
assumes that the positioning data are perfect because during the fieldwork
experiments differential GPS corrections supplied by coastal broadcasts provided ~1
m accuracy (hence the smallest scale of filtering used here). Any larger positioning
uncertainty over rugged seabed terrain will cause an artificial depth uncertainty and

make the method more difficult to implement.

The method is carried out in four steps:
(1) Filter the co-located bathymetric survey profiles or surfaces
separately.
(2) Difference the filtered datasets.
(3) Plot the distribution (histogram) of height differences.
(4) Increase the size of the spatial filter
Re-iterate steps (1) to (4) until the size of the filter is half of the profile

length or the seabed area.

Figure 2.7 illustrates the types of graphs used to present the results, where grey coding
represents the number of occurrences within a vertical difference by filter length bin.
The distribution characteristics are: (1) the convergence of the height difference
distribution towards a single height difference class for wide filters, of value
interpreted as the systematic bias; (2) a wide distribution for small-size filters, where

the distribution width represents the short-scale non-systematic uncertainties.
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Time lapse bathymetric surveys

2.3.1.2.1. Co-located profiles

The 2003 single-beam profile was compared with a co-located profile extracted from
a digital terrain model of the 2002 multibeam data. The two co-located profiles were
convolved with filters of increasing width. Results with 2, 50 and 150 m filters are
shown in Figure 2.9a. With a 2m filter, both profiles show small scale variations
superimposed on the general bathymetric trend. The unimodal distribution of height
differences (Figure 2.9b, left) has a mode at —0.3 m. Its bell shape shows that small-
scale fluctuations are distributed almost normally with a 0.28 m standard deviation,
suggesting that the vertical uncertainties are mostly due to uncorrelated noise between
the surveys. With wider filters, the general trend of the profiles can be observed
(Figure 2.9a) but small scale variations are smoothed. The height difference

distribution tends towards a peak at -0.2 to -0.3m (Figure 2.9b, middle and right).

In order to show this change in a more general way revealing the transition, the
difference distribution was computed for filter widths from 2 m to 300 m. The
resulting graph (Figure 2.9¢) shows a large variability at small filter widths (broad
grey region), which decreases with increasing filter width. The maximum height
difference between the surveys at large width (300 m) is centred on -0.2 to -0.3 m,
representing the systematic bias (suspected to be partly due to unrecorded changes in

vessel draft with fuel expenditure and also to the accuracy of the tide height).
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Time lapse bathymetric surveys

2.3.1.2.3. Beam-to-beam comparison

The method was extended to compare soundings for specific beams because this can
help to isolate uncertainties associated with different parts of the multibeam system.
The vessel was steered along the same survey track during the two surveys, but since
repeating exactly the same line is difficult, we compare a corridor of ten beams

around the studied beam.

The nadir beams (Figure 2.11a) tend towards a much narrower range for filters up to
100 m wide than with the gridded data (Figure 2.10e), representing their high fidelity.
The data show only a small systematic bias between the two years (mean of 0.05 m).
Figure 2.11b, however, illustrates the more significant uncertainty characteristics of
the outer beams, which are known to be more prone to noise from poor bottom echo
detection and roll meter inaccuracy. Comparison with a similar distribution for the
starboard side beam (not shown here) can reveal whether the -0.1 m bias is due to
beam pointing error or a roll offset, depending on whether the bias appears with an

equal or opposite sign, respectively.

The distribution is bimodal at filter scale 30-50 m (peaks at 0.1 m and -0.3 m). These
modes may be related to a known irresolvable roll artefact in the 2001 survey. Thus
the data standard deviation (20), illustrated by the dotted lines in Figure 2.11,
decreases more slowly with increasing filter size than expected if the variability were
uncorrelated random noise, which is modelled by the continuous lines in Figure 2.11.

The latter was calculated by assuming that the filtered data noise oy, should decline

with 1/4/N , where N is the number of data encompassed by the filter, in turn
proportional to the spatial scale of the filter. Hence the theoretical decay of the

~ uncorrelated noise standard deviation with increasing filter width follows the
lawo, =0, /Jw , where o, is the unfiltered uncorrelated noise and w the filter width.

The standard deviation decreases slowly for the outer beam (Figure 2.11a). Since
heave error affects the nadir and outer beams equally, this slower decrease suggests

that a roll effect must be responsible for it.
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Time lapse bathymetric surveys

G = VO + (&) Equation 2.6
where 0y 1S the standard deviation for the off-nadir beam
on is the standard deviation due to the heave only measured at the nadir beam

&z represents the other components of the error budget varying linearly with

water-depth (z).

Using the data in Figure 2.11, the value of & was determined (&= 0.064 m™). The
uncertainty range (+0wtl) Was then calculated for corresponding water-depths for the
45° off-nadir beams using Equation 2.6 and the actual depths z. Spatial interpolation
of the uncertainties using a surface algorithm with tension (Wessel and Smith, 1998)
led to the uncertainty map of Figure 2.12b, which shows 20y, Vertical difference
data lying within the 20 range are considered to be insignificant and hence were
removed. Thus, vertical differences lying out of this same range are displayed on

Figure 2.12c and are considered as significant changes.
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Time lapse bathymetric surveys

Figure 2.12c also reveals changes occurring around the sand ridge adjacent to Port
Eynon Point (UTM E417700 m, N5709500 m) and west of the bedrock where sand

dunes are migrating on Helwick Sands.

2.4. Sand dune characterisation using geostatistical

tools

Sand dunes and smaller bedforms tend to organize themselves and adopt
spontaneously a preferred range of spacing and height. This phenomenon is also
known as self-organization (Hallet, 1990). The characteristic spacing, height and
orientation may relate to environmental characteristics of the flow and the sediments
(Anderson, 1990). Attempts to characterise sand dunes by numerical methods have
been sparse and achieved relatively little success (Robert and Richards, 1988), but the
high accuracy and resolution of modern bathymetric data provided by multibeam
surveys, now allows using statistical methods to summarize quantitatively the pattern
and geometry of sand dunes, their spatial-organisation and investigate their relation to

flow properties.

The spatially repetitive nature of sand dunes prompted the use of the auto-correlation
function and semi-variogram methods (Robert and Richards, 1988; Anderson, 1990).
These are complementary methods that aim to evaluate the influence an elevation
Z(x,y) has on a neighbouring elevation Z(x+1, y+j) (where i and j are the easterly and
northerly components defining the lag vector h). The objective of this section is to
describe these two geostatistical tools and to illustrate their ability to characterise

quantitatively the spatial characteristics of sand dunes.
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2.4.1.Definitions and properties of the autocorrelation

function and semi-variogram

2.4.1.1. The autocorrelation function

The degree to which close neighbours of a surface share similar properties can be
characterised by spatial autocorrelation. The autocorrelation function (ACF),
measures the correlation between two points separated by a distance called the ‘lag’.
The ACF can be easily understood as a measure of the similarity between a signal and
its copy, one sliding with the lag distance with respect to the other. The function is
normalised so that it varies between -1 and 1. A positive autocorrelation means that
points separated by the specified distance lag have similar values and are spatially
correlated (e.g. successive crests of a dune field); negative autocorrelation means they
have opposite values or are spatially anti-correlated (e.g. crests and troughs). A null

autocorrelation means that there is no spatial correlation.

Mathematically, the autocorrelation function is the covariance function (covar(Z(ro),
Z(roth)) of the spatial process (Z) at a position ro(x,y) with itself at a lag distance (h
being the lag vector) divided by its variance (Var(Z(ro))), such as:
covar(Z(r,),Z(r, + h))

var(Z(r,))

In two dimensions, it is defined in full as follows:

ACF (h) = Equation 2.7

121: .g((Z(x,y)—Z) (Z(x+i,y+j)—2) )
ACF(,j) = =1i=1

\/ Y (- 2)

= Equation 2.8
where Z(x,y) here is a bathymetry value at the point described by its easting (x) and

northing (y). Z(x+i, y+j) defines the bathymetry at the location x+i, y+j,Z represents

the mean of Z(x,y). To prevent any edge effect, the summation and Z are calculated
over the area defined from the intersection of the tested area and its lagged copy. The

algorithm used to compute the ACF in two dimensions is presented in Annexe A.1.
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This method has been used in image analysis (Gonzalez and Woods, 1992). Akal and
Hovem (1978) first adapted it to the analysis of seabed roughness. Since then it has
been used to quantify the morphology of the Mid-Atlantic Ridge (Herzfeld, 1993),
abyssal seamounts (Shaw and Smith, 1990) and seafloor oceanic transects (Goff and
Jordan, 1988; Goff et al., 1991). Limited work, however, has been published on using
the ACF to perform spatial analysis of repetitive sedimentary bedforms such as

marine sand dunes.

2.4.1.2. The semi-variogram

The semi-variogram (Journel and Huijbregts, 1978; Isaaks and Srivastava, 1990;
Davis, 2002) also represents the degree of spatial correlation among observational
data as a function of the distance between observational data points, but the Z(x,y) are
instead differenced. It is defined (Davis, 2002) as:

2y(h) =Var{Z(x, + h)—~ Z(x,)] Equation 2.9

which in fully developed form is:

y(h) = 2_1\/1(_15 [Z(xy +h) = Z(x,)) Equation 2.10
N(h)

where h is the lag distance and N(h) is the number of pairs of points separated by the
lag vector h. The term variogram is used for the rest of this chapter to refer to the
semi-variogram which is a common practice (Gringarten and Deutsch, 2001). The
variogram is a one dimensional function which increases when the studied spatial

series Z(x) is uncorrelated and decreases when the series is correlated (Figure 2.13).

.-/’/’
| 2x+h)-

Spatial process

Horizontal distance

Figure 2.13 Variable used in the calculation of the variogram of sand dune cross-section. This diagram
illustrates that the variogram function increases when the spatial series are uncorrelated (large
differences between the two series) and decreases when the series are correlated (small differences
between the series, when crests and troughs coincide).
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The use of variograms to characterize morphological patterns was introduced by
Oliver and Webster (1986). Roberts and Richard (1988) used the variogram to
characterise small sand dunes (ripples about 30 mm high, produced in flume). They
showed that the method was useful because of its relatively simple interpretation
(Figure 2.13) and its statistical meaning compared to other methods such as zero-
crossing, time-series and spectral analysis. The method requires second-order
stationarity, which means that the mean exists and is constant and independent of
location and that the covariance exists, and is only dependent on the distance between
any two values, and not on their locations. Variograms were calculated from the
topography of ripples created in a hydrodynamically-controlled flume. These
variograms were modelled with simple mathematical functions (exponential and sine)
which were physically interpreted to obtain geometrical properties of the seabed
features, which were then related to the flow characteristics. To date, however, the

variogram technique has not been applied to naturally occurring dunes.

2.4.2. Application to the geometry of sand dunes

For illustration, three types of surface were used. The first two are synthetic surfaces,
whereas the last one is a sample of seabed DTM. A sinusoidal synthetic model of the
seabed was selected for its similarity to the dunes and its deterministic nature. Figure
2.14 shows this surface with its crest oriented at an angle of 45°W, a spacing of 100 m
and wave height of 4 m. Figure 2.15 shows a random topography characterised by a
normal distribution around a 0 m mean, a 2 m? variance and horizontal size of the
features of 10 m created using a function outputting normal random values (Wessel
~and Smith, 1998). Figure 2.16 is a 300 m by 300 m area of the bathymetric data
collected in 2002 on Helwick Sands. The spatial resolution is 1 m in both axes.
Transverse dunes are observed superimposed on the general south-westerly sloping
trend of the southern flank of the bank. Before application of the geospatial methods
(ACF and variogram), the data were de-trended to fulfil the condition of stationarity.
The trend was removed from the bathymetry by subtracting a quadratic surface fitted
by least squares to the data (Figure. 2.17).
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2.4.2.1. Interpretation of the ACF

For the three types of seabed, the autocorrelation was calculated over a range of
offsets varying between -150 m and 150 m in both EW and NS directions. The two
dimensional autocorrelation surface was plotted as a contour map, with isopleths

every 0.05 ACF units.

2.4.2.1.1. Synthetic sinusoidal bathymetry
The ACF calculated from the sinusoidal bathymetry of Figure 2.14 is presented in

Figure 2.18. It shows a succession of positive and negative peaks along a N45°E
direction. Isopleths of autocorrelation have an elliptical shape with the major axis
oriented at an angle of N45°W and the minor axis at right angles to the major axis
(N45°E). Along the minor axis, the correlation decays faster than along the major
axis. This clearly indicates the spatial anisotropy of this dataset. Parallel to the crests
of the sinusoidal surface, the bathymetry is constant; hence the slow decay of the
correlation along this direction is due to the censoring of the lagged dataset. In
contrast, perpendicular to the crests, the bathymetry varies as a sinusoid, which is
represented by the rapidly changing autocorrelation in this direction. Figure 2.18
shows a positive peak of 0.655 where the bathymetry and its lagged copy are in phase.
The distance between this peak to the central peak corresponds to one wavelength on
Figure 2.14. A negative peak of -0.801 is shown on Figure 2.18, where the topography
on Figure 2.14 is in opposite phase (i.e. half a wavelength). These observations
highlight the ability of the ACF to quantify the orientation and spacing of sinusoidal-
like features.
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