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ABSTRACT

Waves and tides are the primary processes responsible for sediment entrainment on
estuarine intertidal flats, however a detailed understanding of the temporal and spatial
variability of wave processes, and the way in which these control estuarine sediment

transport, is lacking. The aim of this thesis is to redress this deficiency.

Wave, current and suspended-sediment meters were deployed along a 1600-m-long
cross-shore transect of the Wiroa Island intertidal flat (Manukau Harbour, New
Zealand) for a period of ten weeks. Additional data were obtained by four further
experiments: a pilot experiment in the shallow estuarine fringes; field experiments to
test an antifouling device and to develop a way of correcting data from biofouled optical
backscatter sensors; field trials of pressure and velocity sensors under estuarine and
open-coast waves; and experiments to test whether optical and acoustic backscatter
sensors could be used to separately measure the concentration of suspended silts and

suspended sands.

Comparison of pressure and velocity data revealed an inconsistency in some wave data
from the Wiroa flat and in Green and MacDonald’s (2001) data from the Okura estuary:
wave amplitudes estimated from pressure were significantly smaller (factor of 2-50)
than corresponding amplitudes estimated from velocity data, and there was a phase lag
(45-90°) between the pressure and velocity signals. The inconsistency could be
interpreted as evidence of standing waves, however, data from some instruments do not
support this. Tests of linear theory and sensor performance in estuarine and open-coast
settings, the effect of sensor orientation, and comparisons with observed sand
entrainment, suggest that the inconsistency is due to imperfect pressure-sensor

frequency response.

Waves vary systematically in response to changes in fetch, which in turn are associated
with the submergence and emergence of intertidal banks during the rise and fall of the
tide. For a given wind, growth in fetch on a rising tide equates to growth in wave height
and period. Variation in the bed-orbital speed, Uw,ed, is due to different combinations of
wave height (H), period (7) and depth (% ). When the depth is large, bed-orbital speeds
are small due to poor penetration of wave motions through the water column. On the
other hand, when depth is smaller, or when period is longer, penetration is more

iii



effective and bed-orbital speeds are larger as a result. Consequently, in some instances,
U pea 18 largest at high tide (when fetch, H and T are large) and smaller near the start
and finish of the inundation. At other times, Uy, peq is smallest around high tide (when A

is too large for wave orbitals to penetrate effectively to the bed). Depth-limited wave

breaking was not observed, but whitecaps were common.

Sand and silt suspensions were switched on and off by wave activity (when the pure-

wave skin friction, 6,,, exceeded the sand threshold, ,,,.,), but not by tidal currents.

Silt held in the local bed was released when sand was entrained, but there was no

obvious relationship between the silt reference concentration and 6! because a

component of the silt was advected from elsewhere in the estuary and silt in the

intertidal flat is supply-limited (<2% abundance). Sand reference concentration, C,

plots in three distinct clusters against 6., which presumably correspond to rippled,

transitional and flat beds. The three clusters collapsed onto a single line when flow
contraction over ripple crests was accounted for, as observed by Nielsen (1986). The
transitional data have not been previously identified and may represent the co-existence
of rippled and flat beds. Suspended-silt concentrations were vertically homogeneous,
but suspended-sand concentrations follow the simple exponential profile model
(Nielsen, 1984), where the mixing length is controlled by ripple height, settling velocity
and bed-orbital speed.

Silt concentrations were highest in the edge of estuarine water body known as the turbid
fringe (Green et al., 1997). Enhanced settling and onshore-directed wave-orbital
asymmetry are thought to aid silt deposition observed on the upper flats. Patterns in
sand transport are complex because the primary drivers — tidal currents and the wave-
induced concentration field — are independent of each other and both vary with location
across the flat and in time through the tidal cycle. This was explored by schematic
modelling, which showed that combinations of different tidal regimes and fetch types
produce different spatial and temporal patterns in current and concentration fields, and
therefore in sediment transport. The field data showed drainage currents can be
responsible for offshore transport, while asymmetry in wave-orbital motions was a

means for onshore sand transport.
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Spatial patterns in processes align with sedimentary and geomorphic features. Silts were

found to be abundant on the channel margins, where 8., < 6

rsand - 1hE intermittently
inundated region near the top of the flat has the lowest slopes, and is a potential
deposition zone for sands transported to the tidal edge and stranded there during the
receding ebb tide. Patterns in time-integrated work due to waves, W, also correspond to
changes in slope: slope was lowest on the upper flat where W, was greatest, but
steepened where W, declined as a result of high tidal-translation rates across the middle

flats.

Allen’s (1971) model describes spatial trends in waves and tides across intertidal flats;
wave activity at the bed increases at higher elevations while tidal currents decrease. The
Wiroa data reveal a more complex situation: Uy eq and W, are controlled by variations
in wind speed and direction, fetch length, wave height, wave period, penetration, and
the tidal translation rate. Thus, while Allen established a paradigm that implies zonation
in transport processes, spatial and temporal interactions between waves and tidal

currents can create both more subtle and more profoundly different patterns.
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Figure 5.1: Comparison of measured sand entrainment to the critical wave-orbital

speed (eqn 3.3) and wave-orbital speed at the bed (Uspeq). The data shown
are from a 15-day at siteW1H. Uspeq is represented by a filled symbol if sand
(ds = 180 um) was observed to be in motion and by a hollow symbol if not
(refer Section 5.4 for details). This diagram was used previously to verify
velocity data (FIZUIE 3.5)...ccceiiiiiiiiiiiiiicicittcce e 74

Figure 5.2: Grain size across the intertidal-flat transect. Sample collection and

analysis are described in Chapter 2 and Dolphin et al. (1999). The inset
shows sieved sediment size-fractions (gravel, sand, mud; Folk, 1968). On the
main diagram blue circles denote locations of samples which were analysed
using the Galai CIS-100 time-of-transition particle size analyser. The
corresponding particle size distributions are shown with the percentage
volume in each class on the left y-axis (yellow bars) and the cumulative
percentage on the right y-axis (red line). Note that the samples used for plots
A and B were only 10-m apart; the sample in plot A was collected from a
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Figure 5.3: Examples of the grain size distributions from the bed (A) and

suspended sediments collected in sediment traps (B-D) from the Wiroa
intertidal flat. The trap samples shown are from single tidal inundation. Plots
B and D are from traps deployed for the same tidal inundation but whose
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Figure 5.4: Examples of Cgna(t) showing A ‘continuous suspension’ and B
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Figure 5.5: Plot of skin friction due to waves (. ) and currents (8,). Data are

classified according to the sand suspension index where filled symbols
indicate “suspension” and hollow symbols indicate “no suspension”. Red

lines represent the predicted sand entrainment threshold Ocrgand. <v-veveeeeeeererercrenes

Figure 5.6: Plots of the skin friction due to steady currents and A: the pure-wave
skin friction 6, (i.e., Figure 5.5); B: the wave component of the total skin

friction predicted by the wave—current interaction model with currents set to
zero (6,,,,....o); C: the wave component of the total skin friction predicted

by the wave—current interaction model (6, ,, . ); and D: the total skin-friction
t,otal,w-c

predicted by the wave—current interaction model (6 ). Data are

classified according to the suspension index as described previously. Red
lines represent the predicted entrainment threshold &, . Plot B is used to
demonstrate that the wave—current interaction model’s equivalent of pure
wave skin friction, 6, .., (i.e., 6,,. with currents set to zero), is the

W,w-C

same as the pure wave skin-friction €, , and thereby validates comparison

between skin friction determined using the pure and wave—current regimes.......

Figure 5.7: Plots of the skin friction due to waves 8|, and steady currents 6,. Data

are classified according to whether silt is in suspension (filled symbols) or
not (hollow symbols). Predicted critical entrainment thresholds for silt and
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Figure 5.12: Comparison of 6, and 1 for Wiroa and Mangawhai (Green and
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Figure 5.15: Relative suspension length scales based on lsqs and m, determined
from the empirical ripple height equations of Grant and Madsen (1982), and
Nielsen’s (1981) irregular-wave and regular-wave equations. A fourth
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Figure 5.17: Sand transport vectors and components from Alice deployments on
the middle and lower Wiroa flat. ..........c.ccceeveverereeeeiercreeeeeeeeeeee e eeeeeeene

and O

silt, ww *

Figure 5.18: Silt transport vectors. Qsﬂm, is the vector sum of Q
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locations. Dashed lines indicate the uncertainty of sand concentrations in the
shallow edge of the estuarine waters for which there are no measurements of
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Figure 5.20: Sand transport vectors Q for four events on the lower flat (Alice;

sand, wc
W1H). The red vector sticks on the polar plots (top panel) represent the
event integrated transport (g/cm/tide). Accompanying the depth-integrated
transport vectors (mg/[cm.s]) are the associated temporal variations in some

of the processes that contribute to Q The red line on the Us panel is the
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critical wave-orbital speed (qn 3.3). ...ccovviriiiiiiiiii

Figure 5.21: Sand transport vectors Qsmwc for a selection of events on the middle

flat. The red vectors sticks on the polar plots (top panel) represent the event
integrated transport (g/cm/tide). Accompanying the transport vectors are the
associated temporal variations in some of the processes that contribute to
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Figure 5.22: Sand transport vectors Qsmww for a selection of events from the

middle flat. The red vectors sticks on the polar plots (top panel) represent the
event integrated transport (g/cm/tide). Accompanying the transport vectors
are wave, depth and mean concentration statistics. The red line on the U
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Figure 5.24: Silt transport vectors, Oy, for four events from the lower flat. The

red vector sticks on the polar plots (top panel) represent the event-integrated
transport (g/cm/tide). Accompanying the transport vectors are wave, depth
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Figure 5.25: Silt transport vectors, O for a selection of events from the middle
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Chapter 1: Introduction

1.1 INTRODUCTION

It has long been recognised that two geophysical processes — tides and waves — control
sediment redistribution, evolution, geomorphology and equilibrium on estuarine
intertidal flats (e.g., van Straaten and Kuenen, 1958; Postma, 1961; Krone, 1966; Klein,
1967; Reineck, 1967; Anderson, 1983). Tide-related sediment-transport processes have
received considerable attention in the estuarine literature, presumably because tidal
currents and water levels are periodic and easily measured/predicted. In comparison,
wave-induced sediment-transport processes have received little attention (for examples
of this see Black et al., 1998; Eisma et al., 1998) despite their recognition as an
important sediment-transporting process across intertidal flats, particularly in shallow
regions where tidal currents are weak (e.g., Allen, 1971; Evans and Collins, 1975; Dyer,
1989).

Table 1.1 lists investigations that consider wave activity in some way — there are few
such studies and most are conducted on mud flats (Table 1.1, brown highlights), facts
which are manifest in Black’s (1998) 29-paper compilation entitled “Sediment

Processes in the Intertidal Zone” that features only one sand flat investigation and few

which consider waves. In studies where linkages between waves and sedimentation are
made, they tend to be tenuous. Some investigators characterise waves from observation
or wind-speed inference (e.g., Anderson, 1972; Anderson and Pejrup, 2001), while
others utilise instrumentation inappropriate to short choppy seas typical of estuarine
settings (e.g., Sanford, 1994; dt<2Hz). Where high sampling-frequency wave gauges are
used, they are often single-point studies (e.g., Schoellhamer, 1995; Green ef al., 1997)
which provide some insights to intertidal flat processes, but are not as useful for
investigating spatial variations in tides and waves, and the affects these have on
sediment grading and intertidal flat shape, for example. Finally, measuring sediment
concentrations in rapidly fluctuating mixed-size suspensions, which the author suggests
are typical of estuarine intertidal flats under waves (and other coastal settings), requires
sediment-concentration meters with high sampling rates and an ability to separately
measure each size constituent in the suspension. Previous attempts at measuring

concentration under estuarine waves have not considered size bi-modality or the effects



of time-varying particle size distributions on concentration estimates, to which many
sensors are sensitive (White, 1988; Bunt et al., 1999). Some of these difficulties may
explain the recurrent lack of wave/sediment-transport research in estuaries which

continues to hinder our understanding of intertidal-flat and estuarine sedimentation
(Malvarez et al., 2001).

The research presented in this thesis seeks to redress the deficiency in intertidal-flat
wave/sediment-transport literature by measuring and modelling waves, tides and
sediment concentrations across an intertidal flat, identifying the key processes and
transport mechanisms responsible for sediment mobilisation and transport, and relating
the spatial patterns in forcing processes to sediment distribution and geomorphology.
Studies of this type will facilitate the development of conceptual models to describe
morphodynamics and classify intertidal flats, and furthermore to extend
morphodynamic models (e.g., Masselink and Short, 1993) for which estuarine intertidal

flats are an end-member in the spectrum of beach morphologies.



Author

Van Straaten
Reineck

Waves

Wave source | Bed |Width| Tidal

Observed| Measured

Local| Ocean

slope | (km) | range

\

1:1000 5 5m

Sediments

7111400 52, 3.6m
Anderson v 2 0.1 2

g .

v 1:500 0.4 m

o 1700 3 1.5m
Brydsten v
Sanford v
Dolphin/Green v v 1:600 2 3.4m v
Schoellhamer v v ? 4 % C ol
Moeller v v | v [1:400] 2 | 3m ’
French v v ‘ ?
Le Hir v v

Anderson & Pejrup

v

Table 1.1: Summary of published research which investigates waves on estuarine
intertidal flats, and their associated characteristics. Most studies are from the United

Kingdom and the barrier-enclosed European North Sea coast.

highlighted in brown and sand flats in yellow. Author and location Key below.

Key:
Author(s):

van Straaten and Kuenen (1958)

Reineck (1967)
Anderson (1972)
Carling (1982)

Ward et al. (1984)
Pejrup (1986)
Brydsten (1992)
Sanford (1994)
Dolphin et al. (1995)
Schoellhamer (1995)
Green et al. (1997)
Maeller et al. (1999)
French et al. (2000)
Le Hir et al. (2000)

Anderson and Pejrup (2001)

Location
Dutch Wadden Sea, The Netherlands
Jade Bay, North Sea coast, Germany
Adams Cove, Great Bay, New Hampshire, U.S.A.
Burry Inlet, Carmarthen Bay, South Wales
Choptank River, Chesapeake Bay, U.S.A.
Ho Bugt, Wadden Sea, Denmark
Ore estuary, northern Sweden
Upper Chesapeake Bay, U.S.A.
Manukau Harbour, New Zealand
Old Tampa Bay, Florida, U.S.A
Manukau Harbour, New Zealand
Stiftkey, Norfolk, England
Blyth estuary, Suffolk, England
Brouage mudflat, Marrennes-Oléron Bay, France
Kongsmark, Remg, Wadden Sea, Denmark

Mud flats are




1.2 AIMS AND OBJECTIVES

The primary aim of this research project is to gain an understanding of the spatial and
temporal variation in physical processes as they relate to sediment transport and
geomorphology across an estuarine intertidal flat. A focal point of the research is the
role of waves in the intertidal-flat sediment-transport equation. To achieve this aim the

following specific objectives were identified and pursued:

Preliminary field experiments were conducted on an estuarine intertidal flat to
ascertain characteristics of bed shear stresses and sediment suspensions under waves
and currents in the shallow margins of the estuarine water body, and to aid in the

design of a comprehensive process/sediment-transport experiment.

Biofouling is a problem for optical sediment-transport sensors, particularly in
tropical and temperate shallow marine environments. To overcome biofouling, a
mechanical cleaner was devised and field tested with the aim of producing ‘clean’
measurements over time scales of weeks to months. In addition, the data collected
from field trials were utilised for development of an analytical correction method in

the event that sensors were biofouled.

The ability of the instrumentation suite to measure processes and sediment transport
over estuarine intertidal flat was investigated using data from laboratory and field
experiments. Specifically investigated were:
e the ability of current meters and pressure sensors to measure wave-orbital
motions in estuaries; and
e the use of combined optical and acoustic sensor arrays to measure

concentration in mixed-size sediment suspensions (silts and sands).

In the main experiment, waves, currents and suspended-sediment concentrations
were measured along a cross-shore transect in order to quantify physical processes,
transport mechanisms, and sediment fluxes. In order to investigate relationships
between geomorphology and physical processes, the transect surface was surveyed

and sediment samples collected and analysed.
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