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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
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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
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(ds = 180 um) was observed to be in motion and by a hollow symbol if not
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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
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corresponding particle size distributions are shown with the percentage
volume in each class on the left y-axis (yellow bars) and the cumulative
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Figure 5.3: Examples of the grain size distributions from the bed (A) and
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intertidal flat. The trap samples shown are from single tidal inundation. Plots
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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.......
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WITOR. ..ottt ettt ettt et e s st ensesese s esenesesencs
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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
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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
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NOTATION

Symbology
Ao ABS system constant
as sediment particle radius
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distance)
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C,.y,  coherence between h and U,
c speed of sound
ds sediment particle diameter
dw wave-orbital diameter (otherwise known as the wave-orbital excursion
distance)
D. dimensionless grain diameter
Dy ., duration for which 8, > 6,
g acceleration due to gravity (9.81 m/s)
G sensor gain
f frequency
f. skin-friction wave friction factor
h(?) “hydrostatic depth” time-series
h mean water depth (m)
Hax Maximum wave height
His root-mean-square wave height
H; significant wave height
H, zero up-crossing wave height
1 Irribarren number
k wavenumber
kh relative water depth
kaps acoustic wavenumber
ks hydraulic roughness
ken Nikuradse roughness
K shoaling coefficient
my nth moment of Sn(®)
Is mixing length
N number of samples/data points
0 sensor offset
)4 pressure (Pa)
DPa atmospheric pressure (Pa)
( p)2 ABS backscattered pressure
q cross-shore sand flux
0 sediment flux
R sensor response (V)
r range from transducer
P correlation coefficient
S Ps / %3
S(w) power spectrum
Sa, ABS backscatter efficiency
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t time
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12 spectral width parameter

1% kinematic viscosity
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vV velocity vector = [V, ¢]

Ve velocity component along east-west axis

N velocity component along north-south axis
w vertical velocity component

W settling velocity of sediment
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Wsand settling velocity of sand

Wy work done by waves

Wk work done by the mean current

X constant in eqn 5.20

z elevation with respect to the bed

Zp elevation above the bed of a pressure sensor
Zy elevation above the bed of a velocity sensor
2z roughness length

D, wave propagation axis

I(w) frequency dependent depth attenuation factor of pressure
I (w) frequency dependent depth attenuation factor of wave orbital motion
ABS attenuation coefficient
sea bed gradient
1/sinh(kh)
1/cosh(kh)
chi-square statistic
f)ap  co-spectrum of A and B at frequency f
attenuation of Uy, at z, =0
bed load efficiency factor (0.21)
sediment diffusivity (eddy diffusion coefficient for sediment particles)
eddy viscosity for momentum
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() time-series of sea surface elevation
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K von Karman constant (0.41)
A wavelength
A ripple wavelength
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0., critical Shields parameter

0. dimensionless skin friction due to currents
0., dimensionless skin friction due to waves
0., enhanced skin friction due to flow contraction over ripple crests
Pr fluid density
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) on-offshore component of the time-averaged tidal current
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v mobility number
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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.



1.3 STUDY SITES

Field experiments were conducted at five sites around New Zealand’s North Island
(Figure 1.1). The main field site was an intertidal flat in Manukau Harbour, which is a
large estuary (340 km?) situated adjacent to the city of Auckland. Ancillary data were
obtained from experiments conducted in the Poutawa Channel (also in Manukau
Harbour) and at an open-coast wave tower on the Taranaki coast (240 km south of
Manukau Harbour). Additionally, datasets from experiments conducted at Mangawhai
Beach (Green, 1999; Green and Black, 1999) and the Okura estuary (Green and
MacDonald, 2001), both of which are on the North Island’s north-east coast (Figure
1.1), were made available for use in this study. Here the main field site is described;

details of other sites can be found in Chapter 2.

Manukau Harbour is a large, meso-tidal, barrier-enclosed estuary that connects to the
high-energy west coast of North Island, New Zealand (Figure 1.1). The estuary is
shallow and infilled, with over 40% of its surface area exposed at low tide (Heath et al.,
1977). Large intertidal and subtidal flats are dissected by deep tidal-channels which
follow the course of the ancestral Manukau River (Tonkin and Taylor, 1986). Semi-
diurnal tides have spring and neap ranges of 4.4 m and 1.2 m, respectively. Shallow
water, strong tidal flows (up to 200 cm/s) and low fluvial inputs contribute to a water
body which is ‘well-mixed’ and which has salinity > 30 ppt in most areas (Vant, 1995).
Tidal currents on intertidal flats are weak (0—40 cm/s).

The estuary is sheltered from oceanic swells by a sizeable Pleistocene barrier (the
Awhitu Peninsula, Figure 1.1) and a very large and shallow ebb-tidal delta
(1250x10° m*; Hicks and Hume (1996)). In the absence of swell, short-period waves are
generated as winds blow across the estuary. Fetch lengths extend up to 25 km and
waves > 1 m may form, however optimum conditions for wave generation require
coincidence of very strong winds with high spring tides, when the harbour fetch is at its

maximum (see Chapter 3 and Dolphin ef al., 1995).

The intertidal flat adjacent to Wiroa Island, in the eastern Manukau Harbour (Figure
1.1), was chosen as the primary field site because of its exposure to the prevailing
south-westerly wind (i.e., potential for wave activity) and good instrument security — the

site is regularly patrolled by Auckland International Airport security. The Wiroa



intertidal flat is approximately two kilometres wide, relatively featureless and mainly
comprises well-sorted fine sands. Muddy sediments found on the flanks of the Papakura
Channel give way to slightly muddy-sands and the low gradient of the intertidal flat. In
these lower reaches (1.3-1.5 km from shore) the percentage of mud decreases away
from the channel (< 4 %) and low relief linear bars can be found (Green et al., 1997).
Landward, the intertidal flat comprises a low gradient (1:600-1:1000), is often wave
rippled, and has a sandy surface (< 2% mud). Low-amplitude multiple bars are
common on the upper flat (Dolphin, 1992) whilst close to shore open sand flat or
mangroves (muddy sediments) separate the intertidal flat from the steep, shelly, coarse-

sand, beach face.

X North Island
¢2e,. New Zealand

Migithau oo E\ S Mangawhai lieach
%

3roes o/
/

_low w0

Pavakurg Channg, 4o e N

Figure 1.1: Location maps of field experiment sites: Manukau Harbour, Okura estuary,
Mangawhai Beach and the coastal wave tower adjacent to the Port of Taranaki.
Further details are given in Chapter 2.



1.4 THESIS LAYouT

Notation used in this thesis is detailed in the prologue. Chapter 2 provides overviews of
experiments and instrumentation, conversion of raw data into engineering units and
estimation of wave parameters. In Chapter 3 wave measurements made by pressure
sensors and current meters are intercompared, linear wave theory is investigated, and
hypotheses are proposed for an inconsistency observed in the data. Chapter 4 describes
the factors controlling estuarine wave generation and characterises the waves which
arrive at the Wiroa intertidal flat. The processes controlling sand and silt entrainment,
suspension, advection and flux are investigated in Chapter 5. Spatial variation in the
driving processes and transport mechanisms which control the shape and evolution of
the Wiroa intertidal flat are considered in Chapter 6. In particular, the links between
wave processes and geomorphology, and the effects of increasing and decreasing tidal
range/energy, are discussed. The main findings of this investigation are summarised in

Chapter 7.

Eight appendices include: instrument specifications; experiment sampling strategies;
instrument calibrations; a timeline of instrument operational periods for the transect
experiment (see Chapter 2); a correction method for wave measurements using
horizontally displaced sensors; measurement of suspended sediment concentration for
mixed-size suspensions; comparison of measured wave height distributions with the
Rayleigh model; a published paper on the prevention and analytical correction of
biofouled optical backscatter sensor data; and scenarios of cross-shore sand flux and the
cross-shore gradient in the cross-shore sand flux for varying tidal and concentration

conditions.



Chapter 2: Methodology

2.1 INTRODUCTION

The methodology chapter provides an overview of the experiments, instrumentation,
and sampling schemes used in this study. The conversion of raw data into engineering
units and estimation of wave parameters from subsurface gauges is also detailed. The
purpose of the chapter is to introduce the reader to the experiments conducted and the
treatment of raw data in preparation for detailed analyses. Experiment details serve as a

reference as such information is not usually reiterated in subsequent chapters.

2.2 OVERVIEW OF FIELD EXPERIMENTS

This study is based upon data from five field experiments that were conducted at four
locations around the North Island (Figure 2.1). Included in some analyses are data from
field deployments at Mangawhai Beach and Okura Estuary, which were kindly made
available by Dr M. Green. This section briefly introduces each experiment and the basic

aims.

1. Preliminary field experiments (Turbid Fringe Experiments) were conducted on the

upper section of the Wiroa intertidal flat. Waves, currents and suspended-sediment
concentration (SSC) were measured in the turbid fringe, which is the shallow turbid
edge of the estuarine water body that appears during wave activity on the intertidal
flats (Green and Bell, 1995), in order to gain a better understanding of turbid
fringes form and what controls the very high SSC there. There are mixed views on
the mechanisms controlling turbid fringe development (compare Green et al., 1997
and Black er al., 1999). The experiments were made during four separate tidal
inundations at Wiroa Island (Figure 2.1; insets A and B) and served as pilot
experiments, aiding in the design of intertidal-flat experiments which followed.
Turbid fringes were also measured during deployments in the central Manukau
Harbour (Bimodal-Size Suspension Experiments). Results from the Turbid Fringe
Experiments are published in the Proceedings of the combined 13th Australasian
Coastal and Ocean Engineering Conference and 6th Australasian Port and Harbour

Conference (see Dolphin and Green, 1997).



Analysis of suspended sediment particle size (Turbid Fringe Experiments) was to
show that suspensions on the intertidal flat were bimodal, containing variable
sand/silt mixtures. As silt and sand have different settling properties, an
understanding of sediment transport requires separate concentration measurements
of each size mode. Furthermore, many available SSC measuring devices are
sensitive to the size characteristics of suspension (White, 1988; Bunt et al., 1999).
As a result, Bimodal-Size Suspension Experiments were designed to investigate the
response of suspended-sediment-concentration meters to mixed-size sediment
suspensions in the laboratory (turbidity tank) and in the field (Poutawa Channel,
Figure 2.1; inset A). As many suspended-sediment-concentration meters are
sensitive to changes in particle size, the purpose of these experiments was to find a
way to make successful measurements of concentration in the mixed-size
suspensions of Manukau Harbour. Field experiments were conducted in Poutawa
Channel because SSC in the tidal channel is approximately constant over the time
interval needed to collect a pump sample there. In comparison, pump samples from
flats, where suspensions are wave-induced, are difficult to interpret because
concentration varies over time intervals shorter than the pumping duration. The
Poutawa Channel sediments have the same size and mineral characteristics as those
on the Wiroa flat. Results of this experiment are included here and have been
published in the Proceedings of Coastal Sediments '99 (Green et al., 1999). The
data have also been used to investigate sediment dynamics and transport pathways

in tidal channels (see Green et al., 2000).

Previous experience in Manukau Harbour indicates that instruments can become
biofouled in as little as three days (e.g., Bell et al., 1997). Whilst most marine
instruments are not seriously affected by biofouling, data from optical backscatter
sensors used for measuring SSC may become contaminated as encrusting
organisms obscure the sensing elements. Biofouling preventative devices were built
and then tested in a 160-day Biofouling Experiment on the Wiroa flat (Figure 2.1;
insets A and B). The data from clean and progressively biofouled sensors were used
to develop an analytical method for making corrections to contaminated optical
data. Results from the Biofouling Experiment are published in the Journal of

Coastal Research (see Dolphin et al., 2001) and are incorporated in Appendix VIIIL.



4. Estuarine waves exhibit a number of characteristics (e.g., short periods) that can
make estimation of wave characteristics from pressure data challenging. Several
experiments, collectively titled Pressure-Velocity Experiments, were designed to
investigate whether or not near-bed pressure and velocity sensors could accurately
measure waves. Specifically, the effect of sensor orientation on the functioning of
pressure sensors, and the transformation of pressure and velocity data to wave
statistics (e.g., wave height, period and orbital velocity) using linear (Airy) wave
theory. Pressure and velocity data from both ocean (coastal) and estuarine

deployments were used (Figure 2.1) in the analysis of the problem.

5. In the main experiment, 16 instruments were deployed along a cross-shore transect
at Wiroa Island (Figure 2.1) to measure waves, currents, and SSC. The intertidal-

flat Transect Experiment was designed to investigate the primary research aims (see

Chapter 1): investigating processes responsible for sediment entrainment and
suspension, spatial variability in the wave-induced and tide-induced bed shear
stresses, and the relationships between spatio-temporal characteristics of forcing

processes and intertidal-flat geomorphology and sedimentation.

2.3 FIELD AND LABORATORY MEASUREMENTS/DATA

Twelve different instrument types/models were used for measuring waves, currents and
suspended-sediment concentration. Table 2.1 shows the basic instrument suite (for
details see Appendix II). All instruments make single-point measurements, with the
exception of Alice (Figure 2.2), which is a benthic tripod that measures vertical profiles

of currents and SSC in the lower two metres of the water column (Green, 1996).

The specifications for the instruments listed in Table 2.1 are given in Appendix 1.

Summary information follows.
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Manufacturer Model Measurements
Pressure Velocity SSC
Vy Vy Va

NIWA Dobie-A v
NIWA Dobie-O v v
Falmouth Scientific 3D-ACM WAVE v v v v
Sontek ADV v v v
WHISL/NIWA Alice v v v v
InterOcean S4A v v v v
InterOcean S4DW v v v

Table 2.1: Field instruments and measurement capabilities. Vy, Vy and V, are the
horizontal (x and y) and vertical (z) components of velocity. NIWA is the National
Institute of Water and Atmospheric Research; WHISL is Woods Hole Instrument

Systems Ltd

Nidbitiseti s lrbour
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North Island
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Mangawhai Beach
Pressure-velocity Experiments

® &S Okura Estuary
Pressure-velocity Experiments

Port of Taranaki
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Figure 2.1: Location maps. Experiment titles (underlined) are explained in Section 2.2.
A and < mark Alice and Dobie deployments during the Bimodal-Size Suspension

Experiments.
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Figure 2.2: Instrumented tripod, Alice, partially inundated by the flooding tide during a
wave event at Wiroa Island.

Steady (tidal) and oscillating (wave) currents were measured with electromagnetic,
direct-path acoustic, and acoustic Doppler current meters (see Table Al.1, Appendix I).
Water levels were estimated using data from two types of pressure sensors — strain
gauges and quartz crystal oscillators (see Table A1.2). SSC was physically measured
by taking samples of the suspension using sediment traps, an automated sampler, and by
manually pumping samples (see Table Al.3). Sediment traps were mounted on Alice
during Bimodal-Size Suspension and Transect Experiments, and on the sea bed during
the Transect Experiment. The automated sampler, Zelda, was purpose built at the
University of Waikato and usually operates alongside Alice. During some storms
(Turbid Fringe and Transect Experiments) samples were also manually pumped from a
series of frame-mounted intakes. A floating inner tube containing a carousel of sample
bottles and the pump was tethered to an anchor and buried pipes connected the pump to
the intakes. The pump was operated by two people standing on the submerged flat
(Figure 2.3).

Two types of sediment suspension meter, Optical Backscatter Sensors (OBS) and
Acoustic Backscatter Sensors (ABS), were used to remotely sense SSC. In comparison
with pumped samples, OBS and ABS (Table Al.3) are unmanned and collect data (in
bursts) with a greater temporal resolution and at regular intervals throughout the
experiment. The OBS operates by transmitting infrared (IR) light into the surrounding
water and measuring the amount of light backscattered from particles in suspension.

The backscattered signal is proportional to the sediment concentration, but is also

12



affected by other factors that are discussed later. The ABS operates by transmitting a
sound pulse and ‘listening’ for the backscattered sound from particles in suspension.
The backscatter intensity can be related to the concentration and is also discussed later
(Section 2.4.3). The Aquatec three-frequency ABS was mounted on Alice, whilst OBSs

were mounted on both Alice and Dobie-O’s.

Additional sensors deployed during the Transect Experiment include a sonar, which was
mounted on Alice, and an autonomous video camera, which was attached to the top of a
4-m-high marine pylon. The Imagenex 675 kHz sonar measures bedforms under Alice;
the sector scanner gives a plan view of the sea floor while the pencil beam measures
surface elevations of the bed along a 1 m transect. The video camera was deployed to

record sea-surface conditions.

2.3.1 Turbid Fringe Experiments

Experiments were conducted at Wiroa Island when strong onshore winds were
predicted. On four occasions waves, currents, and suspended sediments were measured
some 400 m from shore and in high-tide water depths of 0.7-1.1 m. On two occasions
moderate-strong onshore winds (6-9 m/s; 11-15 m/s) generated large waves (up to
35-cm high), whilst during the remaining two times winds were offshore and waves

were small (<5 cm).

Several sensors were mounted on an instrumented frame (Figure 2.3): a bottom-
mounted Dobie-A wave gauge, an ADV, and an OBS attached to a Campbell Scientific
CR10X data logger. The interval between bursts was minimised to provide detail of the
changing wave and suspension characteristics over the tidal cycle. The sampling
strategy and sensor elevations are detailed in Table A2.1 (Appendix II). Ten-minute
averages of wind speed and direction, as well as the maximum gust, were recorded

hourly at the nearby Auckland International Airport meteorological station.

Water samples were collected using the floating pump and a carousel of sample bottles
(Figure 2.3). Collecting samples was challenging as large waves made it difficult to
remain standing and wet battery terminals gave regular electric shocks to the operators
(a switch was later installed for operator comfort). Nevertheless, two 500-ml samples

were collected every 10 minutes for sediment mass and grain-size analysis.
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2.3.2 Bimodal-Size Suspension Experiments

Prior to the Bimodal-Size Suspension field experiments, comparative tests of the OBS
and ABS were conducted in a purpose-built turbidity tank. The tank is constructed from
perspex sheets and an angle-iron frame (Figure 2.4). The tank is box shaped (140 cm by
38 cm®) with a funnel at the base and has a fluid capacity of 180 L. The water/sediment
mixture recirculates as follows. An open-impeller pump (modified to allow the passage
of suspended solids) at the base pumps the mixture to the top of the tank in a single hose
(2.5-cm 1.d.) where it is split into four smaller hoses (@ 0.8-cm i.d.) and distributed in a
uniform manner just below the water surface. The mixture then sinks down the column
past any installed suspended sediment meters. OBSs were installed (one at a time)
inside the tank at a depth of 55 cm and facing diagonally across the tank, whilst the
ABS was mounted at the top of the tank facing down the column. SSC in the tank was
independently determined by filtering samples taken from a retractable port located at
55-cm depth (refer Appendix VI and Dolphin, ef al., 1999). Sand tests were made with
sieved sediments (100-200 zm) from the Poutawa Channel bed. Silt tests were made
using wet-sieved sediment (10-30 um) extracted from the Poutawa Channel water

column at slack water low tide.

Field data were collected from the Poutawa Channel, which is a deep (12-15 m) tidal
channel south-west of the Wiroa intertidal flat (Figure 2.1; inset A). Alice was deployed
in the channel to measure velocity, silt-concentration and sand-concentration profiles
(sampling details in Table A2.2). Suspended sediments were also sampled using traps
mounted on Alice and by pumping water samples from a boat. A Dobie-A was deployed
on an adjacent intertidal flat to measure waves. Experiments took place during the peak

tidal flows (> 50 cm/s) associated with spring tides.
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Figure 2.3: Manual sampling for SSC during a wave resuspension event (Turbid Fringe
Experiment). Samples were collected with a manually activated pump. Sample bottles
(inset) were connected to an intake on the frame (red arrow). Additional intakes (yellow
arrows) were used in Transect Experiments (described later in this section). The
location of the submerged ADV probe is drawn in (lower right).

Four outlets where the water/sediment

mixture is reintroduced to the tank

Retractable sampling port

Funnel

Flushing tap
Open-impeller pump

Figure 2.4: The perspex turbidity tank supported by an angle-iron frame. An open-
impeller pump recirculates the sediment:water mixture and an flushing tap is used to
flush the tank clean between tests.
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2.3.3 Biofouling Experiment

Optical backscatter sensors are highly sensitive to the effects of biofouling as the
growth of organisms on the sensor obscures the sensing elements. Concerns over
biofouling of OBSs lead to the development of a pneumatic brush to prevent fouling and
maintain a clean sensor face (Figure 2.5). Although automated cleaning is not a new
idea (e.g., Black er al., 1994; Ridd and Larcombe, 1994), the design of this system does
have advantages over previous cleaners. It is well suited to OBS arrays (e.g., Alice) as
many brushes can be driven by a single controller, the system endurance outlasts most
deployments (thousands of sweeps limited only by the capacity of the air source) and its

dimensions are small (1x10 cm) and easily adapted to different optical sensors.

Figure 2.5: Brushed (clean) and biofouled OBSs. Red dashed lines mark the sensor
faces and the arrow marks the retracted brush head.

To test the brushes, and to collect data on the performance of a biofouled OBS sensor,
two OBSs were deployed at Wiroa Island for 160 days. One OBS was unprotected and
became biofouled while the other was deployed with the pneumatic brush and the
sensing elements remained clean (Figure 2.5). Both OBSs were mounted on a small
frame, 60 cm above the bed, and facing into the expected incident wave field. This
orientation was chosen to minimise variations in the suspension that might be caused by
the presence of the frame. OBS data were logged synchronously on a CR10X and a
Dobie-A wave gauge was mounted at the base of the frame to measure waves and water

levels. The pneumatic brush was activated during OBS power-up some 10 s prior to
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commencement of logging. A single out-and-back stroke was performed. The sampling

strategy used is given in Table A2.3.

2.3.4 Pressure-Velocity Experiments

Pressure and velocity sensor performance and linear-wave-theory transformations were
tested with four datasets; two estuarine and two open-coast. The estuary data were used
to test for inconsistencies in the estimates of wave statistics under short-period waves.
Further testing was conducted using instruments deployed seawards of two open-coast
surf zones where the waves were longer. In all examples the data span similar relative

water depths (i.e., depth/wavelength).

The first estuary site was Okura estuary, which is a funnel-shaped drowned river valley
with a mesotidal range and which is exposed to large fetch lengths (> 60 km in some
directions). Alice was deployed on an intertidal sand flat near the mouth of the estuary;

sampling details may be found in Green and MacDonald (2001) and Table A2.4.1.

The second estuary site was the Wiroa intertidal flat in Manukau Harbour. Dobie-A and
3D-ACM gauges were deployed on the intertidal flat (Figure 2.1) to investigate the
effect of dynamic pressure on the estimation of wave characteristics for a range of
sensor orientations. Two Dobies and two 3D-ACMs were deployed. One Dobie and one
3D-ACM were counter sunk into the bed so that the instruments had a low profile and
the pressure sensors faced upwards. The remaining two instruments were mounted
horizontally (i.e., pressure sensors facing sidewards). The horizontal 3D-ACM faced
into the approaching incident wave field, whilst the horizontal Dobie, which was
weighted with a lead plate, was reoriented (relative to the wave direction) several times
during the tidal cycle. Instruments were closely spaced (< 2 m apart). Sampling

parameters are given in Table A2.4.2.

The first open-coast site was Mangawhai beach (Figure 2.1), which experiences low
swell (< 1 m) punctuated by infrequent storm waves during the passage of subtropical
cyclones. Alice was deployed just seaward of the longshore bar in depths of 7 m and
12 m. The data used have been published by Green (1999) and sampling details can be

found in the aforementioned reference as well as in Table A2.4.3.
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The second open-coast site was the wave tower operated by the Port of Taranaki
(Figure A2.1), which is adjacent to the city of New Plymouth and some 240 km south of
the Manukau Harbour entrance (Figure 2.1). The wave climate in the Taranaki region is
forced by polar and subtropical winds generated in the Southern Ocean and Tasman
Sea, and swell waves > 1 m in height are common. Nine wave gauges (Dobies, S4s and
3D-ACMs) used during the Transect Experiment (see Section 2.3.5) were redeployed on
the wave tower: three Dobies were clamped to the tower’s lower cross-member whilst
S4s and 3D-ACMs were mounted on taut mooring lines between the upper and lower
cross-members (Figure A2.1). The tower is also fitted with a meteorological station and
a vented pressure transducer. Sampling details for the 9-day deployment are given in
Table A2.4.4.

Finally, data from the main Transect Experiment (see Section 2.3.5) were used to

describe and investigate pressure/velocity inconsistencies.

2.3.5 Transect Experiment

During the main field experiment a suite of up to 16 instruments (30 sensors) were
deployed along a SW oriented, 1.6-km transect at Wiroa Island (Figure 2.1; inset B).
The transect arrangement was chosen to provide data on how waves, currents and
suspended sediment concentrations vary across the flat and along the wave propagation
axis corresponding to the prevailing SW wind. Wave, current, and suspended-sediment

meters were operational for a period of 10 weeks.

The experiment was divided into two periods, Phases I and II, for which the
arrangement and number of sensors on the transect differed (Figure 2.6, Figure 2.7). In
Phase I, suspended-sediment meters were spread evenly across the transect with Alice
on the lower flat, whilst in Phase II, suspended-sediment meters were deployed on the
upper flat with Alice midway on the transect. Wave gauges were regularly spaced
across the flat during Phase I and Phase II. Regular instrument spacing was chosen to
provide measurements across the full range of intertidal elevations and geomorphic
subzones. Full details on instrument locations, sensor elevations, and sampling

strategies can be found in Tables A2.5.1, A2.5.2 and A2.5.3.
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Moorings and instruments were carried by hand across the intertidal flat, with the
exception of Alice, which was transported to and from the site by helicopter (Figure

2.8). The instrument locations and the transect were surveyed using a Geodimeter 464

Total Station.

Data from bottom-mounted instruments were supplemented by automated video camera
recordings from a local marine pylon (z = 4 m), measurements of SSC using pump
samples, and grain size information from pump, trap and bed samples. Suspended-
sediment samples were pumped manually using intakes mounted on a frame to which
the ADV was attached (see Figure 2.3; red and yellow arrows mark intakes for this
experiment). The use of sediment traps, some OBSs (without cleaning brushes),
instruments with memory limitations, prototype instruments with low power endurance
(Dobie-0), and the manual collection of water samples during storms, called for regular

visits to the field site (at least twice weekly).

Ten-minute averages of wind speed and direction, as well as the maximum gust, were

recorded hourly at the nearby Auckland International Airport meteorological station.

A timeline detailing the instrument operational and failure periods can be found in
Appendix IV.

The timing of the experiment (October-December) coincided with seasonally strong
SW winds. Winds blowing from this sector have a 20-25 km fetch and can generate
large waves (over one metre high) on the Wiroa Island intertidal flat (Dolphin et al.,
1995). Several storms were measured during the experiment, providing much of the data

required to address the research aims.
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Figure 2.8: Helicopter deployment of Alice on the Wiroa Island intertidal flat.
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2.4 CONVERSION OF RAW DATA TO ENGINEERING UNITS

2.4.1 Currents

Marsh-McBirney EMCMs

The diametrically placed electrode pairs on the MMIs (and S4s) measure the voltage
resulting from the motion of water (the conductor) as it passes through the magnetic

field generated by the current meter. The response to changes in current speed is linear:

Uy =G,R+0,

Eqn 2.1
Ve = G,R+0, (Eqn2.1)

where R is the MMI sensor response (measured in volts), x and y are the internal axes of
the current meter, ucy and vey are the corresponding velocity components, Gy and Gy are
the gains for each electrode pair and likewise for the offsets O, and Oy. Zero-offset tests
were conducted in a bucket of still water to determine Oy and O, for each MM]I, prior to
each experiment (see Appendix III for details). G and G, for each MMI were supplied

by the manufacturer and assumed to be unchanging. The velocity vector was then

determined as:

V=[v.¢] (Eqn 2.2)

where the current speed is

V=l +viy)"’ (Eqn 2.3)

and the current direction (with respect to true north) is

$=tan" (Uey /Veu) + 0 (Eqn 2.4)

The velocity component vey is parallel to the bearing of the lubber line 0, which is

corrected for local magnetic declination.
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InterOcean S4

V' is computed internally by the S4, using a compass to convert current direction to an
earth reference. It is possible for the user to adjust for any known variations in zero

offset and gain, however, this was not done and the S4 User’s Manual (InterOcean,

1994) recommends against it.

Falmouth 3D-ACM

The 3D-ACM computes vertical (w) and earth-reference horizontal velocity components
(Ve and Fy) internally. Velocity estimates are based on the phase shift of sound
transmitted along four acoustic paths (Falmouth Scientific Inc., 1998). The phase shift is
dependent on the speed of sound in the fluid, which is a function of water temperature,
salinity, and pressure. Variations in the water temperature have the greatest effect on the
speed of sound and are taken into account internally using thermistor measurements. In
coastal environments, the speed of sound is relatively insensitive to pressure and salinity
variations, and only user-defined constants are required. The predicted error due to
variations from preset pressure and salinity constants gives a maximum error of 1.3%

for this study (for details refer to Falmouth Scientific Inc., 1998).

Sontek ADV

The ADV computes the horizontal and vertical velocity components, u#cy, Vew, and wey
internally. Measurement is based on a change in frequency between transmitted and
received (reflected) sound waves (Doppler effect). Again the estimation of the speed of
sound is important in determining velocity. The manufacturer has available Matlab
routines that correct the velocity components for differences between preset values of
temperature and salinity and actual values, however, neither temperature nor salinity
were measured, so corrections have not been made. Salinity and temperature
information from previous studies (Turbid Fringe Experiments and Vant, 1995) suggest
that the speed of sound calculations have an error of < 1% (for details refer to SonTek
Inc., 1997). The ADV calibration, applied internally, does not change unless the probe
has been physically damaged (SonTek Inc., 1997).
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2.4.2 Pressure

The Dobie and S4 pressure sensors (strain gauges) respond linearly to changes in

pressure:

p=G,R+0, (Eqn 2.5)

where R is the response measured in volts, and G, and O, are the sensor gain and offset,
respectively. G, and O, were established by the manufacturers for Dobie-A and S4
pressure sensors and by calibration in a sealed chamber with an independent pressure

sensor mounted in its wall (Appendix III) for Dobie-O.

The Druck and Paroscientific pressure sensors used on the 3D-ACM and Alice estimate
pressure from the change in oscillation frequency of a quartz crystal. In both cases the
conversion into units of pressure is more complicated than in eqn 2.5. The pressure and
temperature coefficients required to convert R into units of pressure are determined by

the manufacturers, are assumed to be unchanging and are applied internally.

For convenience, and in preparation for analysis, all pressure data were converted into

‘hydrostatic depth’ as

hey=LO=P) (Eqn 2.6)

Pt &

P

where A(?) is the time series of hydrostatic depth (m), p(?) is the time series of pressure
measured in Pascals (Pa), p; is the density of sea water (1025 kg/m®), g is acceleration
due to gravity (9.807 m/s°), and z, is the elevation of the pressure sensor above the bed
(m). S4s and Dobies use a nominal value for atmospheric pressure (pa) and evaluate eqn
2.6 internally. Correction for true atmospheric pressure is made using the measured time
series pa(f) in post-processing. This requires solving eqn 2.6 for p(f), subtracting the
nominal atmospheric pressure and then introducing pa(?) for pa back into eqn 2.6. Alice
and 3D-ACMs report absolute pressure and so eqn 2.6 is applied directly in post-

processing, again using pa(?) for pa.
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The burst mean water-depth 4 is derived as the time-average of h(z):

> h),

}7= i=1

N

where N is the number of points per data burst. Although time-averaging A(?) yieldsi7 )
h(?) does not, in fact, equate to the time series of instantaneous sea-surface elevations
(i.e., A(?) # n(2) ) since the frequency-dependent attenuation of pressure fluctuation with

depth has not been accounted for.

2.4.3 Suspended-Sediment Concentration

SSC was estimated using OBSs, an ABS and physical samples. The OBS, which
operates by transmitting IR light into the surrounding water and measuring the amount
of light backscattered from particles in suspension, responds linearly to changes in the

concentration up to ~10* mg/L (Kineke and Sternberg, 1992):

C = GopsR + Oy (Eqn 2.7)

where C is the concentration expressed in mg/L, R is the OBS response, measured in
volts, and Gops and Oops are the sensor gain and offset respectively. Goss and Oggs are

determined for each sensor in laboratory and/or field calibrations.

Interpreting OBS data is not always as straightforward as eqn 2.7 implies because, in
addition to concentration, OBSs also respond to changes in aspects of the suspension
such as particle size (Ludwig and Hanes, 1990; Conner and De Visser, 1992; Green and
Boon, 1993; Black and Rosenberg, 1994; Xu, 1997; Bunt et al., 1999) and refractive
index (Bunt et al., 1999; Hatcher et al., 2000; Sutherland et al., 2000). Calibration and
interpretation of OBS data are discussed further in Section 5.3 and Appendix VL

The ABS is a sonar device which transmits sound and relates the echo (sound
backscattered from particles (sediment) in the water column) to the SSC at a number of
discrete elevations, to give a concentration profile or C-profile. Following transmission,

the ABS employs a range-gating technique, ‘listening’ for the backscattered return at
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discrete time intervals, each of which corresponds to a small section (a bin) of the water
column/C-profile. The relationship between backscattered sound and C in each bin is
defined by:

P 2
Cr)= psjzg .exp(—4ar)m

(Eqn 2.8)

where C(r) is the concentration at range » from the transducer, ps is the sediment
density, (P)* is backscattered pressure (sound), ¢ is the speed of sound, o is the
attenuation coefficient, B(r) describes beam spreading as a function of 7, S%(as)
describes the “efficiency” with which particles of radius as=dy/2 backscatter sound, and
A, is a system constant that is independent of scattering properties of the sediment and is
determined by calibration. Standard 1//* beam spreading was assumed for the far field
and for the near field the model of Downing et al. (1995) was used. The sediment
density was assumed to be that of the predominant mineral, quartz (2.65 g/cm3 ), and o
was formulated to account for sound absorption by water and suspended sediments
(Downing, 1992). Downing’s (1992) derivation of $%(as), which incorporates the data of
Sheng and Hay (1988), was used. The ABS ‘pings’ at a rate of 80 Hz, from which (PY

is formed as the average of 16 successive returns, which gives a sampling rate of 0.20 s.

Calibration and interpretation of ABS data are discussed further in Section 5.3 and

Appendix VI for similar reasons to those given for the OBS.

Physical samples provide a more direct estimate of SSC, however they have a number
of limitations: the time required to collect a sample (typically ~ 10 s) is long compared
to estuarine wave periods and probable associated concentration variations, and sample
collection is restricted to times of site visits and pre-programmed automated samples.
By comparison, ABS and OBS collect data bursts regularly and at frequencies much
shorter than individual wave cycles. However, physical samples are considered
important for verifying the concentration inferred from optical and acoustic backscatter
data. All samples collected were treated with HgCl, solution (40 ppm) to exterminate
micro-organisms which can, with time, multiply and alter the particulate mass and

therefore SSC. Following standard procedure, samples were filtered and the dry mass of
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sediment expressed as a proportion of the fluid volume (mg/L). The analysis is detailed
in Dolphin et al. (1999).

2.5 ESTIMATION OF WAVE PARAMETERS

2.5.1 Sea-surface elevation

p(?) was detrended and converted to A(#) using eqn. 2.6. The time series of sea-surface

elevation was then evaluated as:

@ = [T, @) S, (@) do (Eqn 2.9)

where Sp() is the power spectrum of A(f), @ is the wave radian frequency and /() is
the transfer function representing frequency-dependent attenuation of pressure with

depth, described by linear wave theory:

cosh(kh)

I = *  —
(@) cosh[k(z, + h)]

(Eqn 2.10)

with z: =(z, - h) and wavenumber, k, which satisfies the linear dispersion relation:

o’ = gk tanh(kh) (Eqn 2.11)

at every w. Eqn 2.11 was solved by employing the Newton-Raphson technique
(Kreyszig, 1993, p. 929). Wind-generated gravity waves, defined as waves with periods
1-30 s (Kinsman, 1984), provide the frequency limits for integration in eqn. 2.9:

0 =21/30's"

and

oy=2mn/1s" for wy <2m/1 s
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T T

o W V(z/e) for oy >2m/1 (Eqn 2.12)
g

Eqn 2.12 is the high-frequency cut off to prevent amplification of noise (adapted from
Hutt and Black, 1997), which has been employed previously by, for example, Green
(1999) and McComb et al. (2001).

7(¢) was also estimated from current-meter data as follows. Firstly, time series of wave-

orbital speed, Uw(r), was determined from the measured velocity components Uy and

Vem @s:

U, (t) = i, (1) + 72, (¢) cos[4, (1)] (Eqn 2.13)
where the tilde indicates time-domain high-pass filtering (cutoff = 30 s), and
$(O=981-4,, (Eqn 2.14)

where @, , the average direction of wave propagation, was determined for each burst as

the angle of maximum variance (refer Appendix V), and

(1) = tan ™ [y (1) / Ve (O] + 0 (Eqn 2.15)
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In a similar fashion to eqn 2.9, 7,(?), was then evaluated as:

L1 ,
Muw () = r —I'y, (@) Sy, (@)e'“dw (Eqn 2.16)
wy @

where Suw(@) 1s the power spectrum of Uy () and I3.(w) is the transfer function

representing frequency-dependent attenuation of wave orbital motion with depth,

described by linear wave theory:

inh(kh
Ty (@) =—— (* )_ (Eqn 2.17)
cosh[k(z, + h)]
Finally, the power spectrum of w(z), S.(®), was determined as:
1
S,, (@) =S5, (a))gfw (w) (Eqn 2.18)

where the actual phase relationship between 7,(f) and w(?) is ignored and 7, () is the
transfer function representing frequency-dependent attenuation of wave orbital motion

with depth, described by linear wave theory:

sinh(kh )
sinh[k(z, + /)]

I, (o)= (Eqn 2.19)

Eqn 2.18 can be integrated to give the variance of 7.(?).
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2.5.2 Wave statistics
In a sea with a narrow frequency spectrum and a linear Gaussian surface, wave heights

are expected to be distributed according to the single-parameter Rayleigh model in

which wave heights are normalised by the root-mean-square (RMS) wave height Hims

(Longuet-Higgins, 1952):

H,,, =815 (Eqn 2.20)

where 7, is the variance of 7(¢) (Longuet-Higgins, 1980). 7, is calculated as the zero

moment (mo) of S;(w), which is determined from:
L
m, = r (g"Sn(a)) do (Eqn 2.21)
WDy

It is then possible to determine any number of height statistics (again assuming

Rayleigh distributed heights) that are related to one another through my. The mean and

significant wave heights:
H = 0.886,/87, (Eqn 2.22)
H, =1.414,/8n, (Eqn 2.23)

are used in this thesis.

Investigation of the actual wave height distributions (Appendix VII) from the Transect
Experiment reveals that wave heights on the Wiroa-flat broadly follow the Rayleigh
distribution and that there is no significant difference (at the 99 % level) between the
empirical and Rayleigh exceedence probabilities. Similar results were recorded by
Black (1983) in Whangarei Harbour. However, in most cases on the Wiroa flat (though
not all) the Rayleigh distribution systematically exceeds the observed distribution in the
high-wave tail of the distribution (see Appendix VII). Researchers working on open-

coasts have made similar observations (e.g., Forristall, 1978; Sobey et al., 1990; Green,
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1994). Tayfun (1981) suggested that the deficiency in wave heights toward the high-
wave extreme could be due to wave breaking by whitecaps. Thus, whitecapping, which
appears to be prolific in the seas over the Wiroa intertidal flat, provides a likely

explanation for the observed differences between Rayleigh and empirical distributions.

Of relevance then is the error associated with Rayleigh-based wave height statistics
from Wiroa. Green (1994) quantified the error for a range of wave height statistics in a
simple diagram (Figure 2.9) which utilises Tayfun’s N (a descriptor of the sea state and
local water depth). N, which is specified and evaluated in Appendix VII, is in the range
3-7000 for Wiroa Island. For seas with numerous whitecaps (low N) the error is
approximately 3% for H, and for most of the waves at Wiroa Island it is < 1%. As the
error is low and wave height statistics are not used to make estimates of nonlinear

processes such as sediment transport, Rayleigh statistics are considered acceptable and

are used forthwith.

>

H m(B-lelhd)/ Hm(Royloigh) )

€96 0.97 0.98 0.99

1.00 1.01

o 030 050 070 0.90
m

Figure 2.9: Ratio of breaking limited and Rayleigh statistics as a Sfunction of Tayfun'’s
(1981) N-parameter. The significant wave height Hs is represented by Hp-ys.
Source: Green (1994).
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The mean spectral period T and dimensionless spectral width v are defined using
spectral moments (eqn 2.21) as

— 2mm
T = 9
. (Eqn 2.24)
M
y=—1t_
o'm, (Eqn 2.25)
where
2
m,m, —m
/12 — 2°7%0 1
m,

is the wavenumber which satisfies the

and @ =27/T (Longuet-Higgins, 1975). k
T and 4, and A is wavelength which is

linear dispersion relation (eqn 2.11) with
relatedto k as 1 =27/k.

The Ursell parameter represents the ratio of nonlinearity to the rate of dispersion
(Massel, 1996):

2
_ Ig; (Eqn 2.26)

Ur
The RMS and significant wave-orbital speeds at the bed were derived from linear theory
as:

1.414
U cvea =+U. — (Eqn 2.27)
el “ cosh(k(z, +h))

and

2.008
Uspea =4/U., = (Eqn 2.28)
ed ? cosh(k(z. +h))

respectively, where the variance Uy, is the zero moment (mo) of Su.(@) as determined

from eqn 2.21 and z, = (z, —%). Although eqns 2.27 and 2.28 do not depend directly

31



upon surface wave height, their formulation is based on Rayleigh height statistics. In

comparison, the 3™ orbital-speed moment, Us, is not a Rayleigh statistic:

N 1/3
U, = 1.4{2'@, i /N} (Eqn 2.29)
j=1

where Uy, is the jth value of Uy(?) and N is the number of measurements. Black and
Rosenberg (1991) demonstrated that Us, which has been shown to coincide with the
85™-90™ percentile velocity (Kos'yan, 1985), is related to SSC near the bed. Linear

theory was used to transform U; to the bed:

1
> cosh(k(z. +h))

U3.bed =

(Eqn 2.30)
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Chapter 3: Intercomparison of
Pressure and Velocity Data

3.1 CONSISTENCY OF ESTIMATES OF WAVE PARAMETERS

To test that wave parameters estimated from pressure data (e.g., Hs, eqn 2.23) are
consistent with wave parameters estimated from velocity data (e.g., Usped, €qn 2.28), a
simple check was made by comparing m(f) (calculated from the pressure record; eqn
2.9) and nuu(?) (calculated from the velocity record; eqn 2.16), which were expected to
be much the same. Figure 3.1 shows a typical comparison. The example shown is from
the 3D-ACM during the Transect Experiment. Pressure and velocity were logged
synchronously and were measured at similar elevations (< 10-cm vertical separation),

meaning that differences due to attenuation with depth (i.e., I} and I7,) were small.

M, (M)

n Uw (m)
o

00:04:10 00:04:20 00:04:30 00:04:40 00:04:50 00:05:00 00:05:10
Time elapsed since start of burst (hh:mm:ss)

Figure 3.1: Seventy seconds of sea-surface elevation data from the 3D-ACM at site
WIG (see Figure 2.1 and Figure 2.6).

At first glance, the records look comparable, with individual waves and wave groups
being readily identifiable in the pressure and velocity records. However, closer
inspection reveals two irregularities: the wave amplitudes in the pressure data, 7(?), are
significantly smaller than in the velocity data, muw(?); and there is a phase difference

between the two signals (see dashed reference marks in Figure 3.1). In this case, the
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pressure and velocity data are inconsistent, in the sense that they do not simultaneously

satisfy linear wave theory for a progressive wave.

The extent of this inconsistency in Transect Experiment data (Alice and the 3D-ACM)
is revealed by a comparison between Uyw,sp (Which is the standard deviation of wave-
orbital speed estimated from velocity measurements) and U, spprea (Which is predicted
from the pressure data using linear wave theory)(Figure 3.2). For this analysis, data
were included only if Agp .. exceeded the pressure-sensor resolution (taken as 0.01 m

for Alice and the 3D-ACM), where hspprea 1S given by:

U, sp sinh(kh ) cosh(k (2% +h))
wcosh(k(z* + h))cosh(kh)

h —

SD,pred —

(Eqn 3.1)

Having passed this test, which ensures the pressure fluctuations were actually detectable
by the sensor, the predicted velocity, Uy, sppres, Was then calculated from A, and linear

theory as:

U _ hgy cosh(kh)  2mcosh(k(z* +h)
WP cosh(k(z* +h)T  sinh(kh)

(Eqn 3.2)

The comparison of Uysppreda With Us,sp 1s shown in Figure 3.2. The orange and red
points represent Transect Experiment data from the 3D-ACM and Alice, respectively.
Uw,sD,pred 1S at least a factor of two less than Uy, sp, which demonstrates the extent of the
amplitude inconsistency in the data. Data from the Okura estuary (see Section 2.3.4)
also exhibit the same inconsistency (Figure 3.2). The blue symbols in Figure 3.2, which
show consistent pressure—velocity data, are from open-coast deployments and are

discussed in later sections.

Cross-spectral analysis quantifies the phase between pressure and velocity (Figure 3.3).
For the burst shown in Figure 3.1, Sm < Sm. at the spectral peak, where Sn, and Sp,, are
the sea-surface elevation spectra from pressure and velocity. Furthermore, the pressure—
velocity phase, @n.uw, is approximately -50°, meaning that 7y, leads 7, by 50° across the
frequencies 0.25 to 0.5 Hz, where the coherence, Ch.uw, is high.
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An indication of the range of phase lags during the Transect Experiment is shown by
Figure 3.4, in which gy at the mean spectral period (T) is plotted. Data from the
3D-ACM cluster in the range -40° — -90°, whilst Alice data cover a similar range but
show more scatter. Scatter in ¢y yw from the Alice data most likely arises from the effect
of directionally spread waves in the correction used to account for the horizontal

separation of pressure and velocity sensors (Appendix V, refer Section 2.5.1)

For velocity and pressure data to be consistent with linear wave theory, 7, = 7uw and
¢n-uw = 0°. For example, Doering and Bowen (1987) demonstrate that n-spectra from
pressure and current (MMI) data are almost indistinguishable at frequencies between
0.10 and 0.50 Hz, while Herbers ez al. (1992) confirm pressure and velocity are in
phase. Similar results were found by Cavaleri (1980), Guza and Thornton (1980),
Bishop and Donelan (1987), Guza et al. (1988) and Herbers et al. (1991).

This clearly is not the case with the Wiroa 3D-ACM and Alice data. Two questions
arise. Firstly, which is “correct” — the pressure or the velocity data, or neither?
Secondly, is this inconsistency indicating that linear wave theory is not applicable in

this case? These questions are now addressed.

40 — .. Estuarine waves (W1H, Alice, Wiroa)
% Estuarine waves (W1G, 3D-ACM, Wiroa)
|a Estuarine waves (W2S, Alice, Wiroa)

@ 35 — % Estuarine waves (W2P, 3D-ACM, Wiroa)
E | Estuarine waves (Alice, Okura) A
A \A Open-coast waves (Alice, Mangawhai) X
5 30 —‘{* Open-coast waves (3D-ACM, Taranaki)x

[ — ,_A:.‘

)5: 265

8, 25
S
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|
30 35 40
Measured Uy, sp (cm/s)

Figure 3.2: Comparison of Uysp (calculated from current-meter data) with Uy s prea
(predicted from pressure data and linear wave theory). The solid red line is the 1:1 line.
Estuarine data is shown in shades of red (Wiroa intertidal flat and Okura estuary) while
ocean data are shown in shades of blue (Mangawhai Beach and Port of Taranaki wave
tower). These datasets are described in Sections 2.3.5and 2.3.4.
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Figure 3.3: Sea-surface elevation spectra derived from pressure (h) and velocity (Uy)
from burst WI1G0698 (shown in Figure 3.1). Pressure—velocity phase and coherence,
Ohuw and Ch.uw, from cross-spectral analysis are shown in the lower two panels.
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Figure 3.4: Frequency distributions of Onuw at the mean spectral period (T ) for
Transect Experiment data (top two graphs) and the Mangawhai experiment data

(bottom graph).
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3.2 SENSOR PERFORMANCE

Current

Current measurements were independently verified by comparing observations of sand
entrainment (using ABS data) with predicted sand entrainment using current data. In
Figure 3.5, which is a plot of U; over 16 days in the Transect Experiment, observed
entrainment (i.e., sand in suspension) is represented by filled symbols and no
entrainment (i.e., no sand in suspension) is represented by hollow symbols (refer
Section 5.4 for details). Predicted entrainment was determined by comparing U with

the critical wave-orbital-speed (Komar and Miller, 1975):

_ply 0.21(a,, /d,)"? (Eqn 3.3)
(ps — prled,

following Green (1999), where d; is the grain diameter and a,, is the wave-orbital
radius. The plot shows that sand entrainment predicted by current data and eqn 3.3
equates to entrainment observed in the ABS data. In other words, the current
measurements are of the expected magnitude, and thus independently verified by the
ABS data.

Pressure: hydrostatic

The pressure sensors provide good estimates of the mean hydrostatic pressure as

evidenced by post-experiment static calibration (3D-ACM only; refer Appendix III).

Pressure: waves

Pressure sensor tests under waves were made using data from open-coast experiments
conducted at Mangawhai (Green, 1999) and Taranaki (Pressure-Velocity Experiments;
Section 2.3.4). The instruments used were the same ones deployed during the Transect
Experiment. In contrast to the inconsistent data under estuarine waves, for open-coast
waves 7, = 7y within = 10% (blue symbols, Figure 3.2) and ¢n.yw ~ 0° (Figure 3.4),
which is the expected case for progressive linear waves. The agreement of pressure and
velocity measurements under ocean waves suggests that both velocity and pressure
sensors are operating normally, at least for ocean conditions. This result also suggests
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that linear wave theory correctly accounts for signal attenuation under waves (see

Section 3.3 for details).

The relative water depth, kh, is similar for the estuarine and open-coast settings (Table

3.1), where kh is defined as the ratio of depth 4 to deep-water wavelength Ao:

Deep-water conditions > 1 or k.h>x
2 0

Ao
. . 1 _h 1 /4
Intermediate-water conditions —>—>— or w>k,h>—
2 A, 20 10
L
Ao

<i or kwh<l

Shallow-water conditions
20 10

Thus the only significant difference between the ocean and estuarine data is the wave

period, which, for estuarine waves, was less than for open-coast waves (Table 3.1).

’ L 4 U, (Suspension)
. < U, (No suspension)
40 — ¢ — Critical wave orbital speed

U, (cm/s)

| °0 $° s °° °0
. of e inaaure (Mot u o oy
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Figure 3.5: Significant wave-orbital speed (Uy) and predicted critical wave-orbital
speed (Eqn 3.3) from a 16 day period. Filled and hollow symbols represent sediment
“suspension”’ and “no-suspension’ as defined from ABS data (refer Section 5.4).
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As the pressure—velocity inconsistency is only present in short-period waves, it could be
argued that the inconsistency is due to frequency-dependent attenuation of the wave-
induced pressure fluctuations within the sensor itself; that is, an instrument frequency-
response problem. While the construction of pressure sensors was not investigated in
any detail, it is noteworthy that the sensors which gave inconsistent readings were both
quartz crystal oscillators. Frequency-response testing was not experimentally
investigated in this study as this is difficult to do. However, comments and
instrument/sensor specifications from the manufacturers (Table 3.2) indicate that the
pressure-sensor frequency response is adequate for the wave periods observed and the
instrument sampling rates employed. However, without having actually conducted a

frequency-response test, and given the unexpected results, there remains an element of

uncertainty.

Experiment: kh range T range (s)
Transect Experiment 0.4-3.9 1-6
Taranaki wave-tower experiment 0.4-0.9 7-13
Mangawhai experiment 0.4-2.3 6-15

Table 3.1: Relative water depths and wave periods for estuarine and open-coast
experiments.

Instrument Logging rate (A?) Pressure response Current response
3D-ACM 200 ms <10 ms 64 ms
Alice 250 ms <1ms

S4 500 ms 60 ms 1 ms

Table 3.2: Sampling rates from loggers and sensors. Sources: Paul Dugas (Falmouth
Scientific), pers comm.; Paroscientific manual; Peter Swift (Paroscientific), pers.
comm.; InterOcean manual; Joel Edelman (Technical Manager, InterOcean Sys), pers.
comm.

Pressure: sensor orientation and dynamic pressure

Dynamic pressure is that component of pressure which is due to the relative motion of
surrounding water particles against a pressure transducer. Dynamic pressure is caused
by stagnation of the local flow and therefore the current speed and direction relative to
the orientation of the transducer face controls its magnitude. As depth increases,
dynamic pressure decreases and is often assumed to be a negligible component of the
total pressure measured near the bed, however, the presence of dynamic pressure has
potential to cause errors in the estimation of waves from pressure data (for example,

Cavaleri et al., 1978; Cavaleri, 1980; Lee and Wang, 1984). Under waves, the effect of
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dynamic pressure is expected to be more noticeable in data from transducers oriented
perpendicular to the horizontal flow than those transducers facing upward (for
example), because U, is much larger than the vertical velocity wy (except near the

surface where U, and w,, can be a similar magnitude).

During the Transect Experiment, two pressure-sensor orientations were employed:
vertical (up or down facing) and horizontal (direction not accurately recorded). The data
from pressure sensors with a vertical orientation (Alice and 3D-ACM) were inconsistent
when compared with collocated current data, as previously described (e.g., Figure 3.1).
Pressure—velocity comparisons for the horizontal-facing pressure sensors (Dobies and
S4s) were not possible because Dobies do not measure current and, whilst the S4 does,
its large sampling diameter (c. 2-m diameter; Edelman, 2000) relative to typical
wavelengths (c. 5-8 m) casts some doubt over the suitability of S4 current data for

measuring estuarine waves.

To make comparisons of pressure-sensor orientation under an estuarine wave field, S4
pressure, 3D-ACM pressure and 3D-ACM current data (Figure 3.6) were compared
during a brief period of the Transect Experiment when an S4 and 3D-ACM were
deployed adjacent to one another (see Appendix II and IV). Wave-height estimates
made from S4 pressure data concur with estimates from 3D-ACM current data but not
with the 3D-ACM pressure data, which is smaller as previously noted. This data
provides the only pressure-pressure comparison in the Transect Experiment and shows
that pressure fluctuations recorded by the 3D-ACM (vertical orientation) are much
smaller than those recorded by the S4 (horizontal orientation). It is also the only
comparison in which pressure (S4) is consistent with velocity (3D-ACM). The S4-
3D-ACM pressure comparison suggests either a problem with measurement of
fluctuating pressure (but not time-averaged pressure) by the 3D-ACM, or that dynamic
pressure and sensor orientation are important, despite the expectation that any errors due
to dynamic pressure would appear in the S4 data (which was oriented horizontally). The
agreement between 3D-ACM current and S4 pressure data (horizontal orientation), but

inconsistency between 3D-ACM current and 3D-ACM pressure data, warrants further

investigation as follows.
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A brief field experiment (refer Section 2.3.4; Pressure—Velocity Experiments) was
contrived to test whether pressure-sensor orientation could be a cause of the observed
inconsistency. The experiment was conducted on the Wiroa intertidal flat during a
single tidal inundation with onshore winds (WSW, 8-10 m/s, gusting up to 16 m/s) and
associated wave activity. Two Dobies and two 3D-ACMs were deployed, with one of
each instrument type in a vertical (up-facing) position, and the other in a horizontal
position. As noted in Figure 3.7, the horizontal Dobie was occasionally reoriented
relative to the observed wave direction (as observed in the field), whilst the horizontal

3D-ACM was facing offshore into the approaching waves at all times.

Figure 3.7 demonstrates that vertically-oriented pressure sensors consistently report
lower wave-induced pressure fluctuations. However, the difference between vertical and
horizontal pressure sensor orientations is small (factor of 1-1.4; Figure 3.7) compared to
the observed pressure-velocity inconsistency (factor 2-50; Figure 3.2). Large
differences were observed in data from the two Dobies during the ebb tide, but not in
the data from the two 3D-ACMs. It is difficult to ascertain why this occurred because
these differences coincided with Dobie reorientation and the turning of the tide. Even
so, the differences were still smaller than the inconsistency. Prior to high-tide the
reorientation of the horizontal Dobie with respect to wave direction appears to have had
no effect on the wave-height estimates from pressure (H;) when compared to vertical

Dobie data, indicating that dynamic pressure is not significant.

The data from this experiment were limited to a single tidal inundation and do not
match the pressure-velocity inconsistencies which have been noted in the Transect
Experiment data. That is, 7 ~ 7uw and @nuw ~ 0°; but for all 3D-ACM Transect
Experiment data ¢y.uw = -45° —-90°. The absence of inconsistent data from this short
experiment makes it difficult to reliably ascertain the importance of dynamic pressure.
Further research is needed to elucidate the problem: a longer experiment, different
deployment locations, an array of pressure sensors at different orientations/angles, and

accompanying velocity measurements are required.
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Figure 3.6: Comparison of pressure measurements (Hg) from a collocated §4 (O S4DW
model) and 3D-ACM (%). H, derived from the 3D-ACM velocity measurements is also
presented. Although the magnitude inconsistency is observed in the 3D-ACM pressure
data (when compared to velocity) it is not observed in the S4 pressure data (which has a
horizontal rather than a vertical orientation).
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Figure 3.7: Wave statistics from the dynamic-pressure experiment using Dobie (<) and
3D-ACM (%) pressure and velocity sensors. The graph on the left presents data from
the two 3D-ACMs and on the right are Dobie data. As indicated by the green and
orange stippled regions, the sideways facing Dobie was occasionally reoriented with
respect to the wave field: onshore indicates the pressure sensor facing in the direction
of wave travel, sideways is oriented facing along the wave crest, and at all other times

Dobie faced into the waves.
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Conclusions

Current measurements were independently verified on the Wiroa intertidal-flat using
ABS suspension data and Komar and Miller’s (1975) critical wave-orbital-speed
equation (eqn. 3.3). These data show that velocity sensors are functioning normally and
that current measurements provide good estimates of wave-orbital speed and sediment
entrainment under estuarine waves. In comparison, velocity estimates based on pressure
data (Figure 3.2) are too small, suggesting that either pressure sensors (3D-ACM and
Alice) are not functioning properly under estuarine waves or that there is a problem in
the theory used to transform pressure to velocity (eqn. 3.2). In contrast, S4 pressure data
does compare well with velocity data. Static calibration tests, measurement of mean
water depth, measurement of waves in an open-coast setting (Figure 3.2), and the
manufacturers’ specifications for frequency response suggest that all pressure sensors
should be functioning normally. Investigations into the effect of sensor orientation were

inconclusive and frequency response tests were not performed.

3.3 VALIDITY OF LINEAR WAVE THEORY

Independent evidence has demonstrated that velocity measurements under waves are
accurate. If the manufacturers’ claims regarding pressure-sensor frequency response are
to be accepted, then the underestimates of U, from estuarine pressure data (Figure 3.2)
gives the impression that linear wave theory fails to correctly account for the frequency-
dependent attenuation of pressure with depth. However, presented below are several
lines of evidence which suggest that the estuarine waves on the Wiroa intertidal flat are

well described by linear wave theory.

Depth attenuation of wave-orbital speed

Depth attenuation of wave motion as described by linear theory was tested by
comparing estimates of wave height (H;) made from current measurements at different
elevations. The current data were taken from Alice’s vertical array of MMI current
meters (refer Section 2.3 and Table Al.1 for details). The results presented in Figure 3.8
compare data from the lowest current meter MMI 1; z, = 13.5 cm) with data from
current meters at higher elevations (MMI 2, MMI 3, MMI 4; z,=45.5, 82 and 115.5
cm). In the left panel of Figure 3.8, attenuation is obvious: measured wave-orbital speed

increases with proximity to the surface, as expected. In the right panel (Figure 3.8), the
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same data are transformed into the surface wave statistic H, using eqn 2.23 (refer
Section 2.5.2). All estimates of H; are similar (Figure 3.8b), showing that depth-

attenuation is reasonably well described by linear wave theory.

Measures of linearity

A number of parameters are available for indicating the “degree of wave nonlinearity”.
One approach defines ‘regions’ for different wave theories in the nondimensional space
defined by the ratios y = H/h and relative water depth, /A (kh). Burst-averaged S4,
3D-ACM and Alice wave data (Transect Experiment) are plotted on a h/A-H/h diagram
(Figure 3.9). The data fall within the region of linear wave theory, although some data
approach the wave steepness (Muir Wood, 1969)

H_ 1 i)
A 16

that represents the boundary to Stokes theory, while the limiting wave steepness defined

by (Miche, 1944):

H 1
(ﬂm = Ltanhii) (Eqn 3.4)

is not approached by the burst-averaged data.

Bursts in which fluctuating pressure was smaller than the pressure-sensor resolution
were not included in the wave analysis, since it is not possible to reliably transform such
data into surface-wave statistics. Such bursts coincide with either calm sea-surface
conditions (i.e., no waves) or deep-water waves, which explains the sharp cutoff in the

data coinciding with the deep-water linear wave theory boundary.
The degree of wave nonlinearity may be considered by comparing the critical Ursell

parameter, Ur.i; (Longuet-Higgins, 1956), which represents the boundary between

linear and cnoidal wave theory (Figure 3.9):
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327°
Ur,, = 3 =105.28, (Eqn 3.5)

with the Ursell parameter, Ur, (eqn 2.26). Ur was evaluated from Transect Experiment
data with H and A . For all bursts, Ur < 40, with the vast majority having Ur < 10.

Small Ur suggests that waves are linear and that nonlinear wave theories will be unable

to account for the pressure—velocity inconsistency.

Finally, there are no obvious relationships between 7y,/7, and the parameters which

define theory boundaries drawn in Figure 3.9 (e.g., H/h, h/A, Ur, T, k, h, H).

Collectively, these results suggest that linear theory is a good descriptor of the estuarine

waves measured, at least for velocity-based measurements.

Conclusions

The applicability of linear wave theory for estuarine waves measured on the Wiroa flat
was examined using three tests — test of depth attenuation of wave-orbital motion, test
using wave-theory application diagram, and test by comparison of Ur with Ur.i:. None
of these tests suggest linear wave theory should be rejected. It is concluded that
inapplicability of linear theory is unlikely to be the cause of the pressure-velocity

inconsistency.
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Figure 3.9: h/2-H/h diagram illustrating regions of applicability of different wave
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preference to most simplistic theories in those areas where there is overlap (Komar,
1998)
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3.4 STANDING WAVES — A POSSIBLE EXPLANATION

Under linear progressive waves, 7jyw = 7 and pressure and horizontal velocity are in
phase (¢h-uw = 0°). However, under standing-waves the ratio 7,/m, will vary and ¢h-uw
=90°. These features are observed, to some extent, in the inconsistent pressure—velocity
data from the Transect Experiment, which warrants further investigation of the

possibility that standing waves exist on the Wiroa intertidal flat.

During each inundation 7./ varies systematically (Figure 3.10); early and late in the
inundation ny,/7n is large, but decreases toward high tide, though never falling below
~2.5. While this pattern is persistent in Transect Experiment wave data, the size of
nuw/ T varies significantly from tide to tide and consequently scatterplots reveal no

trend with depth (or other wave/tide parameters).

The phase ¢y, also varies over the tidal cycle: ¢, decrease from 90° as the water-
level rises, but never gets lower than about 25°, which occurs near high tide. As with
nuw/ T, the pattern is persistent, but the actual values vary from tide to tide. @, was

also compared with several wave/tide parameters and no relationships were evident.

Systematic variation in both 7u./m and @y, is suggestive of standing waves where
either the nodal structure migrates with the rise and fall of the tide or where the relative
energies of progressive and standing waves (in a mixed standing/progressive-wave
field) changes with the state of the tide. The tendency of ¢y, to shift toward 0° with
increasing water depth suggests that when fetch is large, progressive waves may

dominate in a mixed progressive/standing wave field.

There are, however, a number of factors which cast doubt on the standing-wave

hypothesis.

Firstly, inconsistent data were observed at four locations, but were always from the
same two instruments, suggesting a measurement problem. Secondly, assuming the
existence of standing waves, then the magnitude inconsistency (always large 7y, and
small 7,) suggests sensors were located close to a standing-wave node, but were never
located close to an antinode (small 7y, and large my). In four separate deployment
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locations (10 week duration) across the intertidal flat it is possible, but perhaps not very
likely, that sensors would always be in proximity of a standing-wave node. In any case,
presumably the tide would translate any standing wave nodal structure across the flat.

To further investigate the possibility of standing waves, the ADV data from the Transect
Experiment (see Table A2.1) were examined. As the ADV has no pressure sensor, the
vertical component of velocity, w(f), was used to determine 7,, and to make magnitude
(77uw/Nw) and phase (¢,.u.) comparisons with measured Uy,. The expected phase relation
@u-uw 18 90° for progressive waves and 0° for standing waves. For linear progressive
waves 7u/Nw = 1 and for standing waves 7,/ is variable depending on location

within the node-antinode structure.

The ADV data show that 7y./nw =1 (Figure 3.11) and ¢, =~ 0°. The few bursts where
Nuw/ w 1s large, may be explained by proximity of the sampling volume to the bed (i.e.,
w—0 as z—0), or contamination of the data by surface bubbles, particularly when the

water depth is small. Hence the ADV data show no indication of standing-wave activity.

Conclusions

Some of the measured pressure and velocities are consistent with the existence of
standing waves on the Wiroa flat, others are not. Estuarine flats receive incident wave
energy at high frequencies and are probably the least ideal surface (due to the extremely
low gradient) from which wave reflection might occur and standing waves develop as a
result. The steep beachface on the upper flat may provide some means of reflection,
however, it cannot be responsible for standing waves as it is only inundated for a short
period during each tidal inundation. The standing-wave evidence is difficult to interpret

because the Transect Experiment was not devised with standing waves in mind.
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Figure 3.10: Time series of nuw 1, Gh-uw h, kh, and 1/T3,. Qv was evaluated from the

cross-spectrum at T . Dashed blue and red lines on the kh panel indicate deep and
shallow-water limits, respectively. The dashed green line is the 95% confidence limit for

Chuw, defined as C?, =1-a®" " where a=0.05 for the 95% confidence limits and v is
the degrees of freedom evaluated as 16 from the number of spectral estimates merged
(8). When Ch.yw < Cl the spectrum is incoherent and due to chance alone (Emery and

Thomson, 1998).
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Figure 3.11: Time series of Tyw:Th, @uvws Chuw and 1/I5 from ADV data (site WIE).
@wvw Was evaluated from the cross-spectrum at T . The dashed green line is the 95%
confidence limit for Cy.v, defined as Cl, =1-a"™ where a=0.05 for the 95%
confidence limits and v is the degrees of freedom evaluated as 16 from the number of

spectral estimates merged (8). When Cy.uw < C. the spectrum is incoherent and due to
chance alone (Emery and Thomson, 1998).

3.5 CONCLUSIONS

There is an inconsistency between pressure and velocity measurements from two
instruments at four locations on the Wiroa flat. Similar inconsistencies were also found
in an analysis of Green and MacDonald’s (2001) data from Okura estuary. The
inconsistency (7uw/mh >>1 and @y # 0) could be interpreted as evidence for the
existence of standing waves. However, data from other instruments refute this. Further
investigation is required to adequately resolve the standing-wave possibility. Subsurface
and surface-piercing gauges should be deployed so that measurements span several

locations across any possible standing wave node—anti-node structure.
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The pressure-velocity inconsistency is most likely due to pressure-sensor frequency

response, although manufacturers’ specifications do not support this.

There is no evidence to suggest the velocity measurements provide an inaccurate or
unreliable description of wave-orbital motions. In particular, the current-meter data
show that velocity measurements under estuarine waves can be used in the context of

sediment entrainment and, by implication, bed shear stress and sediment transport

calculations.

Static calibrations demonstrate that pressure measurements may be used to estimate
mean water depth, however fluctuating pressure information must be treated with

caution and are not used for inferring wave-orbital speeds.
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Chapter 4: Estuarine Waves

4.1 INTRODUCTION

Estuarine waves are generated as the wind blows across local fetch-limited seas. In
addition to fetch, factors such as water depth, estuarine geometry and bathymetry place
important constraints on wave growth. The aim of this chapter is to describe factors
important for estuarine wave generation and to characterise the estuarine waves which

arrive at the Wiroa Island intertidal flat, including their temporal variation.

4.2 'WAVE GENERATION AND EVOLUTION IN SHALLOW TIDAL ESTUARIES

Wave generation is generally considered to be a function of three factors: wind speed,
which controls the rate at which energy is imparted into the sea surface (Wiegel, 1964;
Bretschneider, 1966); wind duration, which is the length of time that the wind blows;
and fetch length, which is the distance over which the wind blows. Both fetch and
duration restrict the opportunity for wind energy to be transferred to waves (Komar,
1998). In shallow tidal estuaries, the wave field is also influenced by fetch and bottom
friction which vary with the rise and fall of the tide. In addition, whitecapping mediates
wave growth across the estuary. These factors are discussed as they apply to Wiroa

Island/Manukau Harbour.

The Manukau Harbour (Figure 2.1) experiences locally generated, short-period wind
waves (typically 2—4 s) and is effectively sheltered from energetic ocean swell by its
large shallow ebb-tidal-delta (1250x10° m’; Hicks and Hume (1996)), long entrance
channel (~10 km) and large Pleistocene sand barrier (Awhitu Peninsula). Neilson (1998)
observed some double-peaked wave spectra from a channel margin and suggested that
the longer period spectral peak (c. 5 s) may represent ‘remnant’ swell wave energy.
However, no such observations have been made on intertidal flats and the energy
contribution of swell in the southern harbour is considered to be negligible (Gorman and

Neilson, 1999).
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Fetch length

At high tide, fetch is a function of the size and shape of the estuary (“geometry”) and
the direction from which the wind blows. Large waves can be generated in elongate
lagoons and fjords, for example, if the prevailing winds coincide with the long fetch
axis, or comparatively small waves if not (e.g., Strangford Lough, Ryan and Cooper,
1998; Malvarez et al., 2001). In Manukau Harbour, the squarish geometry is favourable
for large fetches in every wind direction. At Wiroa Island the longest high-tide fetches
(14-18 km) are aligned with the 210-270° sector (Figure 4.1), which also delivers the
prevailing wind. About some orientations (e.g., 200-210° and 270-280°), small changes

in wind direction significantly alter the available fetch (see blue/red lines in Figure 4.1)

and, therefore, wave conditions.
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Figure 4.1: Map of Manukau Harbour showing fetch lengths for wind/wave sectors at
10°increments.

The emergence and submergence of intertidal banks causes temporal (tidal) variation in
the fetch length, and therefore in the wave field. An example scenario was prepared for
the SW transect (prevailing wind) leading to Wiroa Island, which includes four
intertidal banks (see Figure 4.2). At low tide nearly half of the estuary floor is exposed
and fetch is restricted to the deep tidal channels; for Wiroa the low-tide SW fetch is the
1.8-km-stretch across the Papakura Channel (Figure 4.2 and Figure 4.3). As the tide
rises, water spills across the central harbour banks and the fetch length grows, in large
steps or transitions (e.g., Hangore Bank crossing), up to a maximum of 16.4 km at high
tide. The process reverses on the ebbing tide. Of course, the fetch pattern shown in
Figure 4.3 only pertains to the SW wind as the bottom profile is different for each wind

direction (e.g., compare contours along profiles with dashed red lines; Figure 4.1).
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Temporal variations in fetch length are also influenced by the factors controlling water
levels. In tidal estuaries these include: the tidal range (including tidal inequalities, lunar
declination, peri/apogee, peri/aphelion, syzygy and so on), tidal asymmetry (i.e., the
shape of the tidal wave), the type of tide (e.g., semi-diurnal, mixed or diurnal) and storm
surge (e.g., Bartholdy and Aagaard, 2001). Thus, temporal variation in the fetch also

reflects peculiarities of tidally-induced and meteorologically-induced variation in water

level.
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Figure 4.2: Bathymetry along SW transect to Wiroa Island.
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Bottom friction

On the open coast, where gravity-wave wavelengths are longer and bed gradients are
steeper compared to estuarine intertidal flats, waves shoal and deform across relatively
short distances. Energy losses due to bottom friction are often considered to be
negligible (e.g., Thomton and Guza, 1983; Dally et al., 1985; Komar, 1998) and most
energy losses are attributed to wave breaking. In comparison, on estuarine intertidal
flats, bottom friction can be a significant, as waves travel long distances over near-flat

surfaces in intermediate water depths (e.g., Black ez al., 1999; Le Hir et al., 2000).

In Manukau Harbour, wave simulations using the SWAN (Ris ef al., 1994) numerical
model indicate bottom friction is important for waves propagating across the wide, flat,
central-harbour sandbanks (Gorman and Neilson, 1999), and in fact bottom friction can
counter and even reduce wave heights in an otherwise growing wave field (e.g.,
Hangore Bank and Wiroa Island intertidal flat; Figure 4.4). Bottom friction was the
single largest energy-dissipating mechanism on the downwind fringing intertidal flat
(i.e., Wiroa).

Spatial patterns in k%4 can indicate zones in which bottom friction may be large, as
shown in Figure 4.5. The plot, which is for a 7-m-long wave propagating across the SW
transect at a tidal stage of 2.5 m, demonstrates that waves interact with the bed as they
traverse intermediate-depth sandbanks, do not feel the bottom as they cross intervening
channels, and that shoaling processes may become important at the shallow estuarine
coastline/fringes. This general pattern may prevail at all stages of the tide under a
tidally-modulated fetch as wavelength and depth increase and decrease together, which
causes ki to change slowly. During spring tides, when h is large, bottom friction on
central banks may dissipate less wave energy, explaining the observation that larger
waves tend to occur on spring tides (e.g., Dolphin et al., 1995). In contrast, increasing
downwind wavelength equates to decreasing kk and increasing bottom friction over

downwind sandbanks and fringing intertidal flats.
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Wave breaking and whitecapping

Energy dissipation due to depth-limited breaking and whitecapping are other
mechanisms by which wave energy/heights decrease. In semi-enclosed water bodies
with locally generated seas, depth-limited wave breaking is thought to be negligible
(Young and Verhagen, 1996; Gorman and Neilson, 1999), with the exception of
estuarine beaches, where waves encounter sudden changes in depth. In contrast,
whitecapping is common in estuaries. Whitecapping is the localised oversteepening of a
wave which is distinct from the steepness-limited breaking that arises from shoaling-
induced changes in H and A. Consequently, whitecapping is unrelated to water depth
and results in energy losses across large sections of the available wave fetch. Gorman
and Neilson (1999) found that whitecapping was the largest source of wave energy
dissipation in Manukau Harbour (although they note that the term describing
whitecapping is not well formulated in the SWAN model), with the exception of the

Wiroa flat, where bottom friction dominated.

4.3 WAVES AT WIROA ISLAND

The description of waves at Wiroa Island is based on analysis of Alice data from the
lower intertidal flat (site W1H, Figure 2.6). Alice data were used in preference to nearby
S4A data because the faster sampling rate (A7=0.25-s cf. 0.5 s) employed by Alice is
better suited to measurement of short-period waves. In addition, the current-meter array
on Alice provides information on wave-orbital motions at more than one location in the
water column. Surface wave-characteristics were described using data from the current-
meter closest to the surface, while near-bed orbital motions were described using data

from the lowest current meter.

Individual waves were defined from 7(¢) using a zero upcrossing analysis, where 7(¢) is
inferred from Uy(f) and linear wave theory (eqn 2.16). The elapsed time between

successive upcrossings defines the period, T, and the corresponding wave height, H,, is:

Hz = Nmax ~ Min (Eqn 41)

where 7max and 7min are, respectively, the maximum and minimum sea-surface

elevations in an individual wave cycle.
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The wavenumber for each wave, k,, was determined by solving the linear dispersion
relation (eqn 2.11) for 7, and 4 . Wavelength (4, = 27/ k,), steepness ([H/1],), relative
depth (k, % ) and the hei ght to depth ratio ( H, / h ) were also calculated.

4.3.1 Characteristics of the Sea Surface

Wave heights on the outer flat were typically 5-30 cm, with periods of 1.75-3 s and
wavelengths of 400-800 cm (Figure 4.6'). The maximum recorded wave height (Hmax)
at W1H was 103 cm, but waves of up to 120-cm were measured 200-m further offshore
at site W1I. The highest waves have periods of 2.5-5 s whilst waves of longer periods
(T, > 5 s) are rare and of relatively low H, (< 20 cm). The sharp boundary on the left
limb of Figure 4.6A represents limiting wave steepness, which will be discussed
subsequently. Scatter plots do not reveal the typical co-varying wave heights, periods,
and lengths expected to be associated with tidally-modulated fetch lengths because the
variation in event magnitude (Figure 4.6 contains 10 weeks of wave data) is as large as
the variation across intra-tide time scales (temporal variations are investigated later in

this section).

Figure 4.7 provides a useful illustration of the degree to which waves are interacting
with the bed. Most waves (95%) are of intermediate kh with the most common joint-
categories being k,# = 1.5-2.5 with T, = 2-3 s. These waves ‘feel’ the bottom, but do
not undergo significant shoaling transformations experienced by shallow-water waves,
which make up 0.18% (28 waves) of the Alice dataset. The absence of deep-water

waves has already been discussed (Chapter 3).

Wave direction (expressed as the direction of wave travel) on the lower flat corresponds
to the two dominant wind directions, SW and NE (Figure 4.8). Given the short fetch,
offshore propagating waves (NE winds) are usually very small (small height, short
period) and difficult to measure with bottom mounted current meters (refer Section
4.3.2), hence there are few measured waves moving offshore. Onshore propagating

waves typically have a narrow directional range once they reach the lower flat.

" In the following sections wave characteristics are graphically portrayed using combined scatter and
joint-distribution plots; coloured crosses mark individual waves and show the range and extremes of each
distribution, while hollow circles are proportional to the frequency in each joint-class and are used to

elucidate distribution patterns in regions where the data are dense.
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class.
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Figure 4.8: Histogram of wave direction for all WIH wave data. The wave direction,
evaluated as the bearing waves are travelling toward, was determined using the velocity
axis of maximum variance, scatterplots, and manual inspection of wind speed and
direction (refer Appendix V for details).

Wave breaking

Depth-limited wave breaking is expected to be negligible in the locally generated seas
of semi-enclosed water bodies (Young and Verhagen, 1996; Gorman and Neilson,

1999). To test this notion, individual measurements of the wave height to depth ratio:

y, = I; (Eqn 4.2)

were compared with the depth-limited breaking parameter y, of Kaminsky and Kraus

(1993):
¥, =1.201°7 (Eqn 4.3)

where [ is the Irribarren number:

-—f (Eqn 4.4)
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Bis the sea bed gradient, the subscript «, denotes deep-water conditions, and eqn 4.3 was
empirically evaluated from 17 field and laboratory datasets. H, was calculated from

measured wave heights and the linear shoaling coefficient:

H 1
z =K, = [ (Eqn 4.5)

b 2h tanh(k, %)
sinh(2k,h)

T

The measured and deep-water heights do not differ significantly (< 10% for most
waves) as shoaling only has a major influence on wave height in shallow water (Komar,
1998). Deep-water wavelength was also calculated from linear theory using the

measured wave period:

TZ
A, =22 (Eqn 4.6)
2r

Figure 4.9 is a plot of y, against k,# . For most data, % < 0.2 and is of intermediate
depth. Violet symbols denote 0.9% < 7 < %#. A small number of data points are greater
than the predicted u (red symbols), indicating that the model (eqn 4.3) has failed to
correctly describe s, at least for these data. However, the test may be unfair as %, < 0.5,
which is outside the range for which eqn 4.3 is strictly valid (0.6 < %, < 1.59). Given that
only 0.48% of the waves ‘fail’, it seems reasonable to use the model as a broad indicator
of depth-induced wave breaking. In that case, one can conclude that the greater
proportion of waves do not approach the depth-limit for breaking, which follows the
expectations of Young and Verhagen (1996) and Gorman and Neilson (1999) for waves

in fetch limited seas.

Wave steepness was compared to Miche’s (1944) steepness-limit for wave breaking,
[H/Almax (eqn 3.4; magenta line in Figure 4.10B). The evidence suggests that most
waves approaching [H/A]max are whitecaps: [H/A], shows no particular trend with depth;
[H/A), approaches [H/Almax at both shallow and intermediate kh; y, < yp; and as
whitecaps are short-lived (2-5 s) and span only short sections of wave crest (1-4 m;
observations and video recordings), one might expect there to be few observations of

such waves.
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Orange symbols represent individual waves while circle size is proportional to
[frequency in each joint-distribution class. The pink line is Miche’s (1944) equation for
[H/A]max-

Whitecaps in growing seas are distinguished from shoaling-induced wave
oversteepening by the fact that they occur over wide-regions of sea, irrespective of the
relative water depth. Although single-point measurements are not ideal for measurement
of a whitecapping sea, video recordings suggest whitecaps can be extensive.
Furthermore, Gorman and Neilson’s (1999) results indicate that whitecapping is an
important mechanism for energy dissipation at the sea surface, while losses due to

shoaling-induced breaking are negligible.
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Temporal variation in surface wave characteristics

From tide-to-tide, variation in wave characteristics is dependent on wind speed as well
as the available fetch length, which is defined by the several factors discussed
previously. As variation in fetch is systematically controlled by the tide, wave
characteristics also exhibit temporal patterns that are strongly correlated to the tidal

stage (Figure 4.11).

Notwithstanding changes in wind speed, wave height is related to fetch length (Figure
4.11), which varies on a c.12.4-h cycle in phase with the tidally varying water level.
Wave heights rise and fall dramatically around the time of the fetch transition associated
with the submergence and emergence of the Hangore Bank, which more than doubles
the fetch on the rising tide (7—>16 km) and halves it on the falling tide (16—7 km).
Coinciding with fetch transitions is the anticipated change in bottom friction that occurs
as relative water depth over sandbanks increases/decreases (e.g., Black et al., 1999).
The reduction in wave height that occurs prior to the emergence of the Hangore Bank
(Figure 4.11), when local % is low, is probably due to energy dissipation on sandbanks,

as previously noted.

Wave period also changes with fetch, but the pattern is usually slightly skewed (Figure
4.11). That is, wave period rises steadily and peaks somewhat after high tide, implying
that penetration to the bed of wave-orbital motions continues to increase after high tide,
when depth falls but wavelength and height are still increasing. Period decreases
quickly when the Hangore Bank begins to emerge on the falling tide and the fetch falls
from 16 to 7 km. Inspection of the S, time-stack (Figure 4.12) illustrates the drift in the
spectral peak from c. 0.5 Hz to 0.2 Hz, indicating a growing wave field. The 7-spectra
are generally skewed with a sharp low-frequency boundary (representing the growing
face of the 7-spectrum) and a long tail into higher frequencies. At, and just after high-
tide, the 7-spectrum has a well-defined peak due to increasing energy at lower
frequencies (c. 0.3 Hz). Correspondingly, the dimensionless spectral width, v, is low

(indicating a narrow spectrum), due to a well-defined spectral peak.
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The pattern in k% begins with a steep increase on the rising tide (Figure 4.11) when
wave periods are short, indicating deeper water and reduced penetration of wave motion

to the bed (Section 4.3.2). As the rate of water level rise begins to slow and the growing
waves begin to lengthen, k% tends to flatten off and remains this way for most of the
high tide. A slow decline in k4 follows on the falling tide, which is due to simultaneous

decreasesin A and % .

In summary, waves approaching the intertidal flat exhibit regular cycles caused by
tidally varying water depth and fetch length. Although wind speed causes waves to
grow, in shallow tidal estuaries that wave growth is ultimately constrained by fetch
length, which is controlled by wind direction and tidal elevation. Wave growth is also
limited by bottom friction, which itself is controlled by water depth and wavelength (k)
as well as by bed characteristics. In the absence of changes in wind speed and direction

(fetch), estuarine waves vary according to the tidal modulation of fetch.
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Figure 4.11: Temporal variation in wave characteristics at during a period of strong
onshore winds. Burst statistics are from Alice data gathered at site WIH on the lower
intertidal flat at Wiroa Island.

64



s 8 8 8
Density (cm*2 /Hz)

80 90 100 110 120 130 140 150 160

Figure 4.12: n-spectra time-stack. Colour indicates the spectral density (cm’/Hz). The
x-axis is time where the interval between bursts is 30 minutes and the pink-lines denote
breaks in time between tides (when sensors were exposed). The boundary into white
areas represents the depth dependent high-frequency cut-off (eqn 2.12) and also serves
to indicate the stage of the tide: high-tide is when the white area is largest.

4.3.2 Near-bed Wave-Orbital Motions

Wave-orbital speed at the bed is a function of wave height, wave period and water

depth. Linear wave theory describes the bed-orbital speed, Ubeq as:

H
U, =—oX
bed 2

where @ is the wave radian frequency (determined from 7) and X describes the

penetration of U,, to the bed (determined from T and h):

X =— !
sinh(kh)

The influence of H on Uheq is obvious. The response of Ukeq to changes in w and %,
however, is more complex, as an increase in T causes a decrease in @ and, at the same
time, an increase in ¥ (Figure 4.13). The product X demonstrates that changes in ¥
with T dominate over changes in @ for certain combinations of T and h . Furthermore,
the period range in which the slope of X is steepest (Figure 4.13; lower panel)
corresponds to typical wave periods observed at Wiroa. Consequently, changes in T

across the 1—4-s range exert significant control on Uyeq for a given H (Figure 4.14; pink

arrows). This is investigated for the Wiroa intertidal flat in the following.
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Figure 4.14: Example of the response of Uvea to changes in H/2 (amplitude) and period

for h = 3 m. Uyeq undergoes greatest changes in the T = 1—4 s range, as indicated by
the arrows and in the lower panel of Figure 4.13.
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Velocity distributions

The wave-orbital-speed distribution was mapped using Upear, (Figure 4.15), which is
the maximum speed recorded under each measured wave. Upex. is greatest for
kh ~0.5-1.0 (shallow-end of the intermediate depth regime), which occurs when depth

becomes small and/or wave period increases. The importance of relative water depth
and penetration (%) in controlling bed-orbital speed is demonstrated by the trend of
increasing Upeak,, With decreasing &, h . Scatter in Figure 4.15A indicates variation in the
magnitude of winds that cause waves. Upeax is typically < 20 cm/s, with the most

common classes at 4-8 cm/s in the intermediate range k,h=2-2.5.

The critical entrainment speed (eqn 3.3) for sands is compared with Upeak, in Figure
4.15B, which shows that, for 32% of the measured waves, Upeax, €xceeds the critical
speed. Note that eqn 3.3 was not intended for use with intra-wave orbital speeds, and is
used here only to show patterns and to indicate the frequency of sediment motion under

these estuarine waves (detailed entrainment analysis follows in Chapter 5).
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Figure 4.15: Scatter and joint distribution plots of A. kzh, Upeakz and B. T, Upea,s.
Green crosses represent the peak velocity in each wave cycle, Upeaxs, While circles are
proportional to the frequency in each joint-distribution class. The red line in the right-
hand graph is the critical wave-orbital speed (eqn 3.3).
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Temporal patterns in the near-bed wave-orbital-speed

Over a tidal cycle at Wiroa Island, temporal patterns in Uyeq are determined by a subtle

balance between %, H and 7, all of which have been shown to increase and decrease

more-or-less simultaneously (e.g., Figure 4.11). On the rising tide, the effect of

increasing depth on ¥ is countered by the effect of increasing period on ¥ and , and is
also countered by increasing H. In the following, the Wiroa data are used to describe

and explain patterns in U peq.

Green et al. (1997) observed that Uspeq (eqn 2.28) on the outer Wiroa flat usually
peaked near mid-tide and declined toward high tide. In comparison, the data used here
are from higher locations (on the lower and middle flat) and demonstrate that, in fact, a
variety of Uspeq patterns exist. Three cases were observed: (1) Uspeq is greatest at the
beginning and end of the inundation, and smallest around high-tide (Examples 1-3;
Figure 4.16); (2) Uspeq is smallest at the beginning and end of the inundation, and
greatest around high tide (Examples 7-9; Figure 4.16); and (3) Uspeq varies in a
complicated way due to variation in winds (Examples 4-6; Figure 4.16). In the

following X" (1/cosh[kh]) is used to describe penetration of the wave signal rather than

%, as it nondimensional, scales as a proportion of the surface wave fluctuation, and is

easier to interpret.

In the first case, Uspeq varies in phase with X" but 180° out of phase with H;. During
spring tides (and on the lower reaches of the flat), when the high tide depth is large,
small ¥~ causes Uspea to decrease, despite growing H; (Examples 1-3). In contrast,
during neap tides (and on the higher parts of the flat) X s large, even at high water, and
Usea follows changes in Hs, becoming largest at high tide when fetch is also greatest
(Examples 7-9). Such contrasting patterns in Uspeq during the tidal cycle can have
important consequences for sediment entrainment and transport and are discussed

further in Chapter 5.
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Figure 4.16: Examples of the variations in Usyeq during storm inundations. In groups of
three from left to right, Uspeq trends are concave, variable and convex. Note: each
inundation is mapped separately, so the time axis is discontinuous; the time interval
between successive points is 30 minutes. Red lines denote the critical wave-orbital
speed (eqn 3.3).

More complex patterns arise when changes in wind speed and/or direction occur during
the course of a storm (Examples 4-6). For example, in event-4 wind speed rose sharply

during the flood tide causing a sudden increase in H;. This was followed shortly after by
an increase in X~ associated with increasing 7. Consequently, Uspeq continues to rise

throughout the inundation due to the consistently increasing x.

Velocity asymmetry and shoaling

As waves shoal and steepen seaward of a surf zone, the wave-orbital motion becomes
increasingly elliptical and asymmetric. Asymmetry of the wave-orbital speed is
investigated here as it can cause a net drift, culminate in wave breaking, and influence
the net sediment transport rate and direction due to the nonlinear dependence of

sediment transport on the fluid velocity (Soulsby, 1997).
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The near-bed wave-orbital-speed asymmetry was evaluated for each burst as S :
S = I’ U +JOU, @)dt (Eqn 4.7)

where B is the length of time between the first upcrossing and the last down crossing in

a burst of data, such that only complete wave cycles are considered, and Uy(f) was

taken from Alice data at z, = 13.5 cm. S is an indicator of wave skewness (i.e., non-

symmetry) (e.g., Green and MacDonald, 2001). Skewness was also determined for

individual waves;:
1 z
S, = 7 '[1 U,®U,(¢)ds

The distribution of S, for the entire Alice (W1H) dataset is shown in Figure 4.17, where
a blue symbol indicates asymmetry in the onshore direction. S, is small for most waves.
Furthermore, positive and negative S, are about equally frequent, suggesting no

obvious net drift under asymmetric waves.
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Figure 4.17: Frequency distributions (onshore/offshore) of wave skewness, S, for all
waves measured at site WI1H.
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Figure 4.18: Variation in S (>) over the same five storm tidal-cycles shown in Figure

4.11. The interval between bursts is 30 min. Mean water depth h is shown by the sky-
blue lines and the four insets (labelled A-D) are 40-s sections of Uu(t). Positive U,(?) is
the onshore component of the wave motion.

During five consecutive storm events S was also generally very low (Figure 4.18),
however, S can become mildly asymmetric and onshore directed toward the end of the
ebb tide. During these times, kk is low (~0.3-0.4), suggesting that waves are shoaling
and wave crests are peaked (compare panel B with A, C and D in Figure 4.18). Higher

on the intertidal flat, S, tends to be larger, but with no obvious direction (onshore or
offshore) favoured. S can have consequences sediment transport and is further

investigated in section 5.6.
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4.4 CONCLUSIONS

In semi-enclosed estuaries protected from ocean swell, short-period waves are generated
as the wind blows over local fetches. Estuary shape and size determine the range of
available fetch lengths and, along with the wind, they determine the wave conditions on
each section of the estuarine shoreline and across each intertidal flat. Waves
approaching intertidal flats vary depending on estuarine bathymetry and temporal

variation in fetch lengths.

At Wiroa, waves propagate in intermediate water depths where orbital speeds are not
strongly asymmetric and shoaling-induced wave breaking is uncommon. Although
whitecaps are ubiquitous during storm events, S is small, suggesting that net drift due
to whitecapping is confined to the surface layers and therefore plays no direct role in
sediment entrainment or transport (see section 5.4). For a limited number of cases
(when kh was low), S became mildly onshore directed and sediment transport by

waves might also, as a result, be expected to be onshore directed.

Temporal variation in Uspeq is due to different H and Y@ combinations. The field data
show that for shallow depths (e.g., neap tides or higher on the flat) Uspeq is smallest at
the beginning and end of the inundation, and greatest around high tide, while for larger
depths (e.g., spring tides or lower on the flat) Uspeq is greatest at the beginning and end
of the inundation, and smallest around high-tide. Variation in the way bed-orbital
motion changes over a tidal cycle is expected to influence patterns in SSC and sediment

transport.

72



Chapter 5: Intertidal-Flat Sediment Dynamics

5.1 INTRODUCTION

Sediment entrainment occurs when the bed shear stress exerted by moving fluids
exceeds the forces holding the sediment at rest, or when gravity destabilises a sediment
surface which has steepened beyond the angle of stability or repose (i.e., avalanching).
The angle of repose in water is typically around 32° (Nielsen, 1990). As the intertidal-
flat gradient is less than 0.1°, movement of grains solely under the influence of gravity

does not occur.

Bed shear stress on the Wiroa intertidal flat is generated primarily by tidal currents and
oscillatory flows underneath local wind waves (refer Chapter 4). Wind-induced shear
stress was not considered as sediment saturation is > 85% at all times (Drabsch et al.,
1999), which inhibits sediment motion (e.g., Sarre, 1988; Arens, 1994; Jackson and
Nordstrom, 1998). Previous experiments have shown that tidal currents are too weak to
entrain sediments across most of the intertidal flat, except during large spring tides on
the channel margins (Dolphin et al., 1995; Green et al., 1997). In comparison, Figure
5.1 (shown previously in Chapter 3) indicates that maximum bed-orbital speeds are at
times in excess of critical, and that during such times bed sediment is raised into

suspension.

The aim of this chapter is to describe the processes of sediment entrainment and

transport under waves and currents on the Wiroa intertidal flat.
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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 siteWI1H. Usyeq is represented by a filled symbol if sand (ds = 180 pm) 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 (Figure 3.5).

5.2 BED AND SUSPENDED SEDIMENTS OF THE INTERTIDAL FLAT

The bed sediments of the Wiroa intertidal flat have a bimodal size distribution. Across
the greater intertidal flat (i.e., ~100-1500-m from shore; Figure 5.2) sediments comprise
well-sorted fine sands (125-250 xm) with a minor silt mode (~20 m; < 2% silt by
volume). On the uppermost and lowermost reaches of the flat, the surficial sediments
vary from those on the greater intertidal flat. On the upper flat, a steep (1:10), short
(2-3m) estuarine beach is made up of gravely-textured sediments (>1000 rm)
comprising mostly broken shells and hard-packed sand. At its base the beach contacts
the intertidal flat sloping at c. 1:1000. In this region there are patches of silt overlying
sand. The silt patches are ephemeral (observed after storms), except in near shore stands
of mangroves where silts are abundant (plot A, Figure 5.2), compacted and enduring.

Silt abundance also increases to around 20% with proximity to the channel margins.
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As the percentage of fine sediment in a mixed-size sediment matrix increases, cohesion
comes to play an increasingly important role (for sediment entrainment/stability) by
increasing the shear strength of the sediment and thereby increasing the critical bed
shear stress at which grains will be entrained. McCave et al. (1995) suggest that
sediments larger than 10 um exhibit increasingly non-cohesive behaviour, while field
and laboratory experiments compiled by Mitchener and Torfs (1996) indicate that the
sediment matrix takes on cohesive behaviour when the mud content is greater than
3-15%. As the bed sediments of the greater Wiroa intertidal flat contain less than 2% silt
by mass, and particles are mostly larger than 10 um, they are considered to be
noncohesive. Cohesion is likely to be of some significance on the channel margins and
within mangrove stands, although these regions occupy a relatively small area of the

intertidal flat, and are not directly considered in this study.

Suspended sediments are also typically bimodal, consisting of silts (10-30 zm) and fine
sands (125-220 gm). Figure 5.3 presents examples of size-distributions for bed
sediments (plot A), for suspended sediments from two storm events (plots C and D),
and from different elevations during a single event (plots B and D). The relative
contribution of each size-mode is observed to vary for different suspension events and
at different elevations (z = 20 cm and 8 cm for plots B and D, respectively). The ratio of
suspended silt/sand is generally much larger than it is for bed sediments and the volume
differences with elevation suggest comparatively less sand in suspension at higher

elevations.

The settling velocity of silts and sands differs by two orders of magnitude: a silt particle
of 20 xm has a settling velocity (ws) of 0.03 cm/s or 90 cm in 50 min, while a fine-sand
particle of 200 xm has a settling velocity of 2 cm/s or 90 cm in 45 s (following Soulsby,
1997). Since settling speed is a first-order control on dispersal and deposition of
suspended sediment, the two grain sizes in suspension at Wiroa are expected to behave
quite differently from each other. Therefore, they will be treated independently in the

following analysis.
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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 (vellow 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 muddy depression
within a mangrove stand while plot B is open sand flat adjacent to mangroves.

— 100|
H — 80 g
- ]
2 —

— 60 8
5 - B

. | — 40
5 208
& 203
: o B
' O

100 150 200 250 O 100 150 200 250
Partlc]e size (um) Partlcle size (um)
E IOOI
|
— 80 [
ﬂ 1 %
2 ) — 60 §
o L =
s 8
N — 40 =
5] — 20 =
a L S
E
T T T ] T I et T 0 6
0 100 150 200 250 0 50 100 150 200 250
Parncle size (um) Particle size (um)

Figure 5.3: Examples of the grain size distributions Sfrom 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 apertures were located at z = 20-cm and 8-cm

respectively.
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5.3 ESTIMATION OF SUSPENDED-SAND AND SUSPENDED-SILT CONCENTRATIONS

Suspended sediment concentration measurements were made using Acoustic
Backscatter Sensors (ABS) and Optical Backscatter Sensors (OBS). Each device is
sensitive to different particle size ranges — fine sediments for OBS and sands for ABS
(White, 1988; Lynch et al., 1994; Bunt et al., 1999) — due to their different transmit
wavelengths. To test if the differences in sensitivity could be exploited for measuring
the silt-size and sand-size components of Manukau suspensions, experiments were
conducted in the turbidity tank and in the Hangore Channel (Section 2.3.2). Details of
the turbidity tank and Hangore Channel experiments can be found in Green et al.,
(1999) and Appendix VI. Reported here are only the key findings that relate to

measurement of sand and silt concentrations in a mixed silt/sand suspension.

Using Manukau sediments, the turbidity tanks tests showed that the ABS is sensitive to
sand-sized suspensions and very insensitive to any silt in suspension, while the OBSs
are sensitive to silt suspensions but are relatively insensitive to any sand in suspension.
Key results are given in Table 5.1. The errors incurred by assuming only one size
fraction is present (silts for OBS, sands for ABS) in a mixed-size suspension suggest
that: the ABS can be used to estimate suspended sand concentration as it is insensitive
to suspended silt (requires a 20:1 silt/sand mix to generate a 10% error); while the OBS
can be used to estimate suspended silt concentration as it is relatively insensitive to
suspended sand (requires a 50:50 mixture to generate a 10% error). The turbidity tank
results were verified in the Hangore Channel and subsequently the ABS/OBS
combination was used to investigate the silt and sand dynamics of a tidal channel

(Green et al., 2000).

Error=1 % 10 % 100 %
ABS (1.97 MHz) 2 20 200
OBS 0.1 1 10

Table 5.1: Ratios of Csi/Csana required to generate specified errors for the 1.97 MHz
ABS and ratios of Cend/Csine required generate specified errors for the OBS. Source:
Green et al. (1999).
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5.4 INITIATION OF MOTION BY CURRENTS AND WAVES

Bed shear stress on the intertidal flat is produced by steady flows associated with the
passage of tides and by oscillatory flows underneath local wind waves (refer Chapter 4).
Wind-driven currents may augment or diminish tidal currents (e.g., Dolphin and Green,
1997), thus enhancing or reducing bed shear stress underneath the steady flow. To
investigate silt and sand movement, entrainment measurements are compared with

predictions of the threshold of sediment motion.

Entrainment is inferred from OBS (silt) and ABS (sand) data, and presented as a
sediment suspension/no-suspension index. There were no other data to independently
verify the index as poor water clarity invalidated the use of video/photography, and
attempts to measure ripple migration failed due to insufficient resolution of the sonar

data.

The index was initially evaluated by comparing the mean concentration for each burst,

C, with a calm weather “background concentration”, a,acmmd. For sands, the

background concentration was set at 15 mg/L (z = 1 cm), which is similar to the
background concentration reported by Green (1999) for the same ABS. For silts, the

background concentration was set at ~25 mg/L (z = 46 cm). Data were classified as “no-

suspension” if C < Ebackgmmd and as “suspension” if C > Cy,y o - Bursts categorised

as “suspension” were then further analysed to verify the classification. Time-series
concentration data, C(f), from all “suspension” bursts were inspected. Intermittent
suspension was observed in some Cgand(f), which also had low C (see Figure 5.4B). The
“intermittent suspension” bursts, which are not amenable to this binary classification,

were not included in further analyses.

Sediment entrainment is predicted for currents and waves by comparing estimates of the
skin friction (that component of the bed shear stress which acts directly on sediment

particles) with the entrainment threshold. For steady currents, the skin friction is:

, _ kU@ (Eqn 5.1)

e /)
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where z; is the skin-friction roughness length
z; =2.5d,/30, (Eqn 5.2)

ds is the particle diameter, U (z) is the steady current at elevation z, and x is von

Karman’s constant (0.41). The friction velocity u,, can be nondimensionalised by:

12
0[ _ pf u*C

s f s

which is then used to make comparisons with the dimensionless entrainment threshold

determined from the Shields curve, &.. For evaluating u, and 6., d; was taken as

180 ym for sand and 20 um for silt, and U (z) was determined from current

measurements made at the nominal elevation z=13.5 cm.
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Figure 5.4: Examples of Csand(f) showing A ‘continuous suspension’ and B ‘intermittent
suspension’.
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Under waves, the skin-friction friction velocity is estimated as

u,, =U, /051 (Eqn 5.4)

where Uy, is the wave-orbital speed at the bed and f, is the skin-friction wave friction

factor based on Swart’s (1974) formulation:

0.194
2.5d
fo = exp{5.213( = J —5.977] (Eqn 5.5)
a

w

where ay 1s the wave-orbital radius, which is related to the wave-orbital speed as

U = aww. u,, can be nondimensionalised by:

12
pf u*w

g =—few (Eqn 5.6)
(p, — pr)gd,

which is then used to make comparisons with @, to predict entrainment. Following
Black and Rosenberg’s (1991) work on velocity scales and sediment transport, Us peq

(eqn 2.30) was chosen to represent U,, for the evaluation of ay, f,, u,  and &, . The

*w
nondependence of Us on Rayleigh wave statistics (e.8., Ums, Us) also serves to free
skin-friction calculations from assumptions relating to Rayleigh distributed sea-surface

elevations (refer Chapter 2 and Appendix VII).

5.4.1 Sand entrainment

Figure 5.5 is a plot of 8, against 8., where the plot symbols are filled to denote sand

“suspension” and hollow to denote “no-suspension”. The plot demonstrates that waves
are capable of entraining sands on the intertidal flat but that currents are not, as follows.
The “suspension” data approximately separate from the “no-suspension” data at the

critical value ., ~ 0.05, which is indicative of sand entrainment under waves, but there
is no such division with 8, which demonstrates that steady currents are too weak to

entrain sands on the intertidal flat.
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Figure 5.5: Plot of skin friction due to waves (6.) and currents (0.). 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 G sang.

The entrainment threshold inferred from the data, 8, ~ 0.05, is similar to the predicted

entrainment threshold, @.;sng = 0.056 (red lines in Figure 5.5), which was determined

for Wiroa sands using the Shields curve (Soulsby and Whitehouse, 1997):

0.3

=——"——+0.055[1 - exp(-0.020D. Eqn 5.7
« = 1312D. [1—exp( )] (Eqn 5.7)

where D, is the dimensionless grain size

2

D. = [g(s'l)}l d, (Eqn 5.8)
v

with s = pJ/pr and kinematic viscosity v = 0.0000113 m?/s. The inability of steady

currents to entrain sands was also correctly predicted by 6, <6, ... Agreement

between observed entrainment and the Shields curve (Figure 5.5) demonstrates that

eqn 5.7 is a good predictor of Gyr,sana On the Wiroa intertidal flat.
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Although currents do not entrain sands, wave—current interaction can, at times, enhance

the otherwise subcritical pure-wave skin friction (8|, <6.sanq), resulting in entrainment.

The two-layer, wave—current boundary-layer model of Larsen et al. (1981) was used to
quantify the influence of wave—current interaction on skin friction and sand
entrainment. In the wave—current boundary layer the total dimensionless skin friction,

0, a1 w—c » 18 the vector sum of the maximum wave skin-friction 6, , . and the mean

W,W~—C

current skin-friction 6! where 6, and 6! __ are enhanced relative to their pure-

c,w—c? W,W—C c,W—C

wave and pure-current counterparts (6, and 6). 6, and 0! __ were evaluated using

an iterative procedure (see Larsen et al, 1981) with the steady current U(z) at

z=13.5 cm, the wave-orbital speed Usped, the wave period T, and the acute angle

between the direction of the waves and the steady current ¢, .

The influence of wave—current interaction on skin friction and entrainment is shown in

Figure 5.6 where plot A is 8, against 6., plot B is a test for model consistency with 8,

(refer caption), and plots C and D are €., . and 0,

W,W—C total, w-c

against 6,. When the current

enhanced skin-friction due to waves 6, is used in place of the pure-wave skin

friction 8. (Figure 5.6C), the apparently anomalous data are lifted and the separation

representing the entrainment threshold is slightly better defined. A similar effect is

!
w,wW—C

noted when 6, is used in place of 6 (or 8. ), however some “no-suspension”

total, w—c
bursts are also raised above the predicted threshold (Figure 5.6D) and consequently
B a1 Provides no improvement over &, .

Only a few instances of wave—current interaction causing otherwise unpredicted
entrainment were observed, suggesting that wave—current interaction has only a minor
influence on the entrainment of intertidal-flat sands at Wiroa. For entrainment purposes
then, computing skin friction using the wave—current interaction model gives added

complexity but, in this case, with only slight improvement over pure-wave estimates of

the skin friction. Consequently 8. (eqns 5.5 and 5.6) is adopted for subsequent sand-

transport calculations.

82



gl
>
N

|| IUHI|

e _z
D O D é
0.01 = 0.01 —=
— & = B'W
- : =
— : ’E} o - w,w-C,c=0
& P
0.001 T T T T Ty T i) 0.001 T T T T T
1e-005 0.0001 0.001 0.01 0.1 1e-005 0.0001 0.001 0.01 0.1
1 ? C e/c 1 3 D e’c
7 B
0.1 0.1
.3 ] o i icie : 3 ]
@ 7 b B a
0.01 — 001 = o o
] jd- o =
0.001 T T T T Ty T 0.001 T T T T T i)
1e-005 0.0001 0.001 0.01 0.1 1e-005 0.0001 0.001 0.01 0.1
o', 6,
I Suspension [J No suspension — ew]

Figure 5.6: Plots of the skin friction due to steady currents and A: the pure-wave skin
friction 8., (i.e., Figure 5.5); B: the wave component of the total skin friction predicted

’
W,W-C,C=

component of the total skin friction predicted by the wave—current interaction model
(6. ...); and D: the total skin-friction predicted by the wave—current interaction model

W,W-C

by the wave—current interaction model with currents set to zero (6 o); C: the wave

(6. ). Data are classified according to the suspension index as described

total, w-c
previously. Red lines represent the predicted entrainment threshold 6. Plot B is used
to demonstrate that the wave—current interaction model’s equivalent of pure wave skin
friction, 6., ..., (ie, 6. with currents set to zero), is the same as the pure wave

w,W-C
skin-friction 0., and thereby validates comparison between skin friction determined

w?

using the pure and wave—current regimes.
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5.4.2 Silt entrainment

Data on the entrainment of silts from the mixed silt/sand bed are presented in Figure

5.7, in which 8 is plotted against 8, and plot symbols are filled to denote silt

“suspension” and hollow to denote “no suspension”. The plots suggest that waves are
capable of entraining silts from the intertidal flat but that currents are not. However, the
separation of filled and hollow symbols that marks the apparent entrainment threshold
for waves is not as obvious for silts (Figure 5.7A) as it was for sands (Figure 5.5).
Despite the overlap of the filled and hollow symbols, “suspension” data do tend to

cluster at high 6, while “no-suspension” data tend to cluster at low 6., which

w2

demonstrates that silts are entrained with increasing 6., , although the critical value of

0., is difficult to determine. With respect to 8., the absence of any separation in the

“suspension/no-suspension” data indicates that steady currents do not entrain silts.

When the silt suspension index was re-examined, resulting in reclassification and
removal of some data points (explained later in this section), the data appear to separate

about 8, = 0.05 (Figure 5.7B & C), which is very similar to the sand entrainment

threshold observed previously. That is, G siit ® Gersand, Which is unexpected because the
predicted entrainment threshold for silts (ds = 20 wm; G5 = 0.19) is significantly
larger than the predicted threshold for sands (ds = 180 gm; 6O gang = 0.056). The
explanation for the discrepancy between observed and predicted entrainment of silts is
thought to be related to the mixed-size bed, the arrangement of silt and sand grains in
the sediment matrix, the formulation of &, and/or the contribution of non-local

SllSanSiOIl processes.

As the relative abundance of silt in the surficial sediment matrix is very low (<2 %) and
silts in the bed are not known to overlie sands (with the exception of mangrove areas),
silt particles most likely reside within the interstitial spaces between sand grains and
consequently are shielded from bed shear stresses. When sands are lifted into
suspension, the (interstitial) silt particles would also be exposed and entrained, so that
the entrainment of silts and sands from the local bed would occur more-or-less
simultaneously. In that case, s should be the same as 6irsng, Which is the

observation made from the data. In addition, the low abundance of silt in the bed may
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result in a lag between the time when silts are first entrained and the time when they are
sufficiently concentrated to be detected above background turbidity. This may explain

the “no-suspension” data observed when 8 > 6. anq.

The discrepancy between observed and predicted threshold may also be related to the
formulation of @, using the Shields curve. For silt particles, eqn 5.7 is said to be an
improvement on the original Shields curve as it incorporates recent data (Soulsby and
Whitehouse, 1997). However, the recent data is from the entrainment of silts by currents
alone and includes no new data from entrainment under waves. Eqn 5.7 (8. siix = 0.19) is
arguably better than the original Shields curve, which gives a threshold value for silt
(Bersie = 0.5) that is larger than Bagnold’s (1963) theoretical maximum (0.3) and that is
determined from extrapolation beyond the data limits. Also, Soulsby and Whitehouse
(1997) note that scatter in the wave data used to formulate the Shields curve may be due
to application of different friction factors. Consequently, the Shields curve is not well-
defined for silt-sized particles and, given the entrainment mechanics of silt in the
intertidal-flat bed, the observed threshold is taken as the best measure for silt

entrainment (& s = 0.056).

As noted above, silt “suspension” data underwent further analysis which resulted in the
reclassification and removal of several bursts. Silt particles, which have small settling
speeds, may remain in suspension several hours after they are first entrained, and thus
may be detected in suspension far from their origins and in subcritical flow conditions.
Consequently, attempting to distinguish entrainment conditions by way of the
suspension index used here may be compromised. Two examples are used to

demonstrate this and also to refine the silt “suspension/no-suspension” index.

During the subcritical conditions which follow cessation of wave activity, silt
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