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ABSTRACT

A study of the wave dynamics, hydrodynamics and sediment dynamics was conducted
at an energetic open-coast site at New Plymouth, New Zealand. The location features
large, shore-normal reefs of volcanic agglomerate extending from an irregular shoreline,
with "black" volcanic sands intermittently overlying a rocky bed. The breakwaters of an
artificial harbour (Port Taranaki) interrupt the longshore littoral transport, and dredging
and offshore dumping causes "downstream" erosion along the city foreshore. The key
study objectives were to investigate the local coastal dynamics, and to examine ways to

mitigate the effects of the harbour on the adjacent coast.

Two large experimental field programmes were conducted involving: 1) wave, current
and suspended sediment measurements, 1) side-scan sonar and hydrographic survey, iii)
sediment tracing, and iv) experimental dumping of 47,000 m® of dredged sand in a
rocky nearshore zone (6-10 m depth). Sediment trap calibration experiments were also

performed.

Analysis of the measured wave data has identified wave-induced motion as a significant
source of velocity error in p, u, v meters on taut-wire moorings, and wave directions
resolved from the cross-spectra of pressure and velocity have frequency dependent
errors due to the phase difference between the pressure and velocity data. Accordingly,
the spectra of wave direction should be resolved solely from velocity data. Calibration
of sediment traps against an automated water sampler has provided the first strong
evidence that traps are effective in deriving the time-averaged suspended sediment
concentration SSC in a wave-dominated coastal environment. Rigid cylindrical traps of

high Aspect Ratio have a 75% sampling efficiency.

Wave transformations across the complex nearshore bathymetry are dominated by
seabed friction and refraction. This process was simulated using the WBEND wave
refraction model, applying a constant friction coefficient for sandy beds, and a
Nikuradse roughness for rocky beds. Wind vector was found to influence the spatial

distribution of wave energy, with whitecapping conditions under onshore-directed
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winds inducing a longshore "smoothing" in the wave energy, which appears to act in

opposition to wave height reinforcement from refraction.

Sediment tracing using an artificial fluorescent material proved to be an effective
method for observing the transport of littoral sediments over sandy and rocky beds, over
distances of up to 5 km. The tracer exhibited a horizontal diffusivity of the order 0.1

m’s”', of which approximately 5% was expressed in the cross-shore direction.

The time-averaged entrainment (C,) of "black" volcanic sands under high-energy
conditions may be effectively predicted using the excess non-dimensional skin friction
(6:.5) raised to the power of 1.5, with the mean grain size used in the sediment mobility
term (%) and the median grain size in the friction factor (f,). The scale of turbulent
mixing (/;) increases linearly with elevation above the bed, with a gradient of 0.46.
Suspended sediments show a systematic (and linear) reduction in mean grain size with

increasing elevation above bed.

SSCs over rocky beds are supply-limited, and inversely proportional to the distance
from contiguous sandy beds. Sediments are principally transported in the suspended
form, and a system of irregular shore-normal reefs does not significantly obstruct the
longshore flux. Rocky beds appear to be resilient to sediment inundation and the sand /
rock sediment facies have remained positionally stable over 16 years. Dumping sand in
a rocky reef environment does not necessarily result in adjacent beds becoming
inundated with sand. In this environment, a nearshore dump mound did not migrate as a

contiguous body, but slowly dispersed as suspended sediments.

Net sediment transport at New Plymouth is directed alongshore to the northeast,
although the sediments respond to local and temporal perturbations, which give rise to
reversing and circulating fluxes. Port Taranaki traps 174,000 m’ of coastal sediments
per year, of which 142,000 m® accumulates at the breakwater tip. The latter are derived
from the shallow zone seaward of the breakwater wall (i.e. within ~50 m). Sediments in
depths > 6 m (i.e. > 100 m from the breakwater wall) bypass the harbour and traverse

the rocky reefs toward the eastern beaches. The historical offshore dumping practice
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removes sediments from the nearshore littoral budget, while the orientation of the main
port breakwater causes the longshore sediment flux to be directed away from the
adjacent (Kawaroa) coast, further reducing the supply of littoral sediments to that

region.

A new dumping ground has been identified for the breakwater-tip sediments, which is
projected to retain the dredged sediments within the nearshore littoral system, feeding
sand to the central and eastern city foreshore. Sedimentation of the coast immediately

adjacent to the port is not expected to result from the long-term use of this ground.
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1 INTRODUCTION

1.1 High-energy, rocky coast dynamics

The key sediment transport processes in coastal environments are entrainment,
suspension, and advection - processes that result from the interactive sum of waves,
currents, seabed topography and sedimentology over the entire littoral system. These
processes combine to produce a complex physical system that is characteristically
variable in both time and space. Coastal regions are also proximate to high
concentrations of the global urban and industrial infrastructure, which often results in
added anthropogenic influences on the physical and ecological coastal environment. For
example, terrigenous sediment inputs to coastal systems may be linked to fluvial and
land management practices, coastal structures can alter the local sediment and
hydrodynamics, and maintenance dredging of harbours and inlets for navigation can
impact the nearshore littoral sediment budgets and ecological communities.
Accordingly, understanding the dynamics of coastal systems has been a long-held goal
of engineers and scientists - with such comprehension holding the potential for
minimising negative environment effects of coastal developments, as well as optimising

benefits to society.

Of the numerous coastal environments that have been classified according to
morphology and climate (e.g. Komar, 1998), those that exist under high-energy wave
conditions are perhaps the least understood. This may be in part due to the difficulty in
collecting data in such environments (e.g. Morang et al., 1997), and also to a less
intensive coastal infrastructure that commonly exists there. At New Plymouth, New
Zealand, on the northern Taranaki coast (Figs. 1.1 & 1.2), there is a high-energy wave
climate and a variable seabed topography that features both sandy and rocky beds, with
an exposed open-coast aspect. The geomorphology is dominated by laharic pyroclastic
material, and the mobile sediments are "black" volcanic sands that have dense mineral
constituents. The site features intensive urban and industrial development along some 7
km of irregular coastline, with an artificially constructed harbour, rock-wall coastal

armouring and urbanisation of Holocene dunes. A study of the coastal and sediment
1
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dynamics at New Plymouth represents a unique opportunity to investigate the littoral
response to a wave-dominated climate over a morphologically variable seabed with a
heterogeneous substrate. Furthermore, the site provides added complexity with the
effects of harbour maintenance dredging on the nearshore littoral sediment budgets, and

also community issues surrounding the dumping of those dredged sediments.
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Figure 1.1: Location maps showing New Plymouth, New Zealand, and named locations within the
province of Taranaki.
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Figure 1.2: Bathymetric map (5 m isobaths) of the New Plymouth coast, showing Port Taranaki and other named features.
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Figure 1.3: Aerial photograph of the New Plymouth coast (looking west), showing the complex patterns
of wave refraction and diffraction. Fitzroy Beach is in the foreground.
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1.2  Knowledge shortfalls

There are numerous experimental and numerical investigations in the scientific
literature that report on the sediment dynamics of specific coastal environments. For
example, Lou & Ridd (1997) used field data and numerical techniques to examine
sediment dynamics in Cleveland Bay, Australia, including dispersal from a dredge-spoil
ground. Similar studies were also conducted at Gisborne, New Zealand, as reported by
Healy et al. (1998). While both those sites experience periodically high wave energy,
they are characteristically different from New Plymouth, being embayed and having
simple bathymetric features and an all-sand seabed. A range of large-scale open-coast
sediment dynamics studies has been conducted, for example the numerous field
programmes at Duck, U.S.A. (www.frf.usace.army.mil), Torrey Pines, U.S.A. (e.g.
Seymour, 1986) and Terschelling, Holland (e.g. Hoekstra et al., 1997). However, many
of those studies have been limited to the shallow nearshore regions (i.e. typically < 10 m
water depth) over uniform sandy beds. In the scientific literature there are no detailed
reports of sediment dynamics for sites with the climate and seabed complexity of New
Plymouth, particularly considering a broad nearshore range out to 20 m water depth.
The combination of volcanic sands, a high-energy wave climate and heterogeneous
substrate/bathymetry means that in examining the sediment dynamics at New Plymouth,
there are fundamental knowledge shortfalls that need be addressed. These are

specifically outlined as follows.

1.2.1 Coastal morphology

Large, shore-normal reefs and an irregular coastline will strongly influence the littoral
sediment transport patterns (Storlazzi & Field, 2000). While the relationship between
coastal morphology and sediment transport has been well studied for beaches (e.g.
Komar, 1998) and indeed high-energy wave-dominated coasts (e.g. Niedoroda et al.,
1984; Shih & Komar, 1994), the subtidal effects in depths of up to 20 m have not.
Subaqueous topographic effects are often cited as a reason for discrepancies between
numerical results and nearshore sedimentary observations (e.g. Pilkey et al., 1994), and
the degree to which the reef structures at New Plymouth impede or modify the sediment
transport cannot be inferred from other study locations. Storlazzi & Field (2000) suggest
that shore-normal reefs (or ridges) can "steer and focus currents, affect the direction of

6
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sediment transport, and form barriers to the alongshore transport of sediments in a
manner not commonly observed along coastal plain shorelines." Wright (1987) and
Cacchione & Drake (1990) consider that diabathic sediment flux under storm conditions
is an important parameter in the net longshore transport along embayed rocky coasts.
The New Plymouth coast is not embayed, but does have an irregular morphology, in

both the subaqueous and intertidal regions.

1.2.2 Wave transformations

The topographic variability in the seabed at New Plymouth will cause the spatial
distribution of wave energy to be strongly influenced by refraction (e.g Jones, 2000), as
illustrated in Figure 1.3. The presence of the offshore islands and port breakwaters
provide localised sheltering to the nearshore regions, and a mixed semi-diurnal tide
(with a spring range of 3.1 m; Haskins, 1957) means that refractive indices are
constantly varying. Similarly too for the frictional attenuation of wave energy through
orbital interaction with the seabed, which is a function of both the wave characteristics
and the bed roughness (Thornton & Guza, 1983; Weber, 1991). In common with other
New Zealand West Coast sites, the incident wave energy spectra has a range of
frequencies and directions, often occurring at the same time (Pickrill & Mitchell, 1979;
Kibblewhite er al., 1982). In order to quantify the nearshore sediment entrainment
potentials, it is necessary to be able to numerically model the transformation of incident
waves across these highly irregular reefs. While previous studies have shown good
agreement between refraction model and laboratory data for irregular bathymetry (e.g.
Chawla et al., 1998), model validation for a site with the scale and complexity of New

Plymouth is rare.
1.2.3 Sediment entrainment

Strong oscillatory near-bed motions are associated with high-energy wave conditions,
especially in shallow nearshore zones. Such conditions present a rigorous test of time-
averaged sediment entrainment formulae, whereby a near-bed reference concentration
(C,) is related to the grain-roughness dimensionless skin-friction Shields parameter
(6:5) induced by the wave-orbital motion (e.g. Nielsen, 1992). C, is a measure of the
intensity of sediment entrainment, which is thought to have an asymptotic relationship

with 6,5 (e.g. Engelund & Fredsoe, 1976). This occurs because C, will ultimately reach

7
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a maximum value that is defined by the volume occupied by the sediment grains
(approximately 0.3 vol/vol; Davies & Li, 1997). The empirically derived expression of
Nielsen (1986) relates C, to the third power of 6,5, which is not asymptotic and
assumes no upper limit. The Nielsen (1986) term has been widely tested in a range of
time-averaged applications (e.g. Black & Rosenberg, 1991; Black, 1994; Black et al.,
1997; Green & Black, 1999) although it remains unknown whether the high-energy

conditions at New Plymouth would exceed the useful range of this form of expression.
1.2.4 Black volcanic sands

The coastal sediments at New Plymouth contain heavy minerals, and no field data have
been reported which examine the entrainment, suspension and advection of such "black"
sands. Komar (1989) notes that the formation of marine placers, including "black"
sands, is evidence of the selective transport through concentration by the physical
coastal processes based on density and particle size. The flume studies of Li & Komar
(1992) provide supportive data to that observation. While "dense" sediment particles
may be related to quartz densities in terms of equivalence (e.g. settling velocity or
entrainment; Komar, 1989), to date there is no field evidence that "black" sands may be
similarly treated as quartz-density sands in sediment entrainment and suspension
calculations. This is relevant when considering time-averaged applications, as the
entrainment formulae (such as given by Nielsen, 1984) have a semi-empirical

derivation.

1.2.5 Hydraulic "roughness" of the rocky reefs

A hydraulically "rough" seabed surface will have a thicker boundary layer and generate
greater turbulence than a smooth bed (e.g. Nielsen, 1992), which has concomitant
effects on sediment entrainment and suspension (e.g. Curray, 1965; Fredsoe &
Deigaard, 1992), as well as wave friction (Nielsen, 1983). The interaction of currents
(both steady and oscillatory) with elements of the bed transfers energy from the flow
into turbulent motion, and this dissipation is directly related to the geometry of the bed
elements (Green et al., 1998). In terms of nearshore sediment dynamics, the overall
effect of the hydraulic roughness of rocky reefs is unknown. Greater turbulence may

influence the suspended sediment concentrations profile and flow perturbations by the
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rocks may induce convective suspension (e.g. Nielsen, 1992), thereby altering the
littoral flux potentials. Conversely, the roughness elements may provide quiescent zones
that are conducive to the settlement of suspended particles (Green et al., 1998). Gaylord
(1999) and Howse (2000) have made measurements of the wave-velocity structure over
rocky intertidal platforms, showing complex 3-dimensional flows that are strongly
influenced by the bed geometry. Ultimately however, the effect of large areas of rocky

reefs on sediment entrainment, suspension and advection is not well understood.

1.2.6 Sediment dispersal from a nearshore dredged-sand dump mound

Nearshore placement has become an accepted method of shoreline renourishment or to
mitigate the effects of interruption of the littoral transport by dredged harbours and
inlets (Scheffner, 1996). Dredged-sand mounds placed in wave-dominated nearshore
environments typically show a shoreward migration that is ascribed to the orbital
velocity asymmetry under shoaling waves (Douglass, 1995,1996). However, previously
reported studies (e.g. Vera-Cruz, 1972; Schwartz & Musialowski, 1977; Jackson &
Tomlinson, 1990; Uda, 1991; Andrassey, 1991; Bodge, 1994; Otay, 1995; Mesa, 1996;
Foster et. al., 1996, among others) have monitored mound behaviour over uniform
sandy beds, and the dispersal rates and trends in a rocky reef environment have not been
considered. Furthermore, the benthic ecology of shallow subaqueous reefs in temperate
climates typically exhibits a higher species density and diversity than "soft" or mobile
substrates (Schiel & Foster, 1986; Kingsford & Battershill, 1998). With this regard, the
dispersal behaviour of a nearshore dredged-sand mound on the rocky coast at New
Plymouth may cause significant ecological impacts. For example, if a mound migrates
as a coherent body, then the benthic habitats in the migration pathway would become

smothered by the dumped sediments.

1.2.7 Harbour sedimentation

Sedimentation at the entrance of artificially constructed harbours in wave-dominated
environments is common, although the patterns and rates of accretion vary. The Port of
Portland (Australia) is similar to Port Taranaki, with a near-identical breakwater system
and harbour dimensions, as well as having negative downstream coastal effects from the

harbour sedimentation (Cowper & Nankervis, 1997). Caldera Port (Costa Rica) also has
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a breakwater that protrudes into the nearshore littoral system, although accretion within
the harbour is dominated by storm events (Rodoriguez & Katoh, 1994). Unconsolidated
marine sediments will find a dynamic equilibrium with the local wave and current
regime (Niedoroda ef al., 1984), which is why regular dredging is required to maintain
such harbours open to shipping. Dean (1989) discusses the use of artificial structures
(such as Santa Barbara harbour, U.S.A) as sediment traps for measuring the longshore
flux. He cautions that to interpret harbour trapping data in terms of the net littoral
transport requires an understanding of the mechanism of accretion, as well as the
adjacent littoral flow streamlines. Accordingly, obtaining this information was a key

focus for the studies at New Plymouth.

1.2.8 Data collection

High-energy coastal environments present numerous challenges for data collection,
particularly in temperate waters where underwater visibility is frequently poor - making
SCUBA diving operations difficult. Deployment techniques needed to be refined and
tested to ensure that wave and current meters would be secure under extreme wave-
orbital motions, while still maintaining quality data records. The requirement to
measure waves and currents at sites in water depths of 20-35 m means that influence of
mooring components (e.g. taut-wires and buoyancy) on the measured data needed to be
considered. Trapping methods for obtaining time-averaged suspended sediment
concentrations have not been calibrated in energetic wave conditions, and it i1s unknown
if they provide an accurate representation of the settling flux (White, 1998). Finally,
sediment tracing in a predominantly rocky nearshore environment presents unique

difficulties in sample collection.
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1.3  Background information

The west coast of New Zealand has an exposed aspect; open to swells generated in the
Tasman Sea, as well as those from the expansive Southern Ocean (Pickrill & Mitchell,
1979). Regionally, this temperate coastline receives little shelter from the mid-latitude
westerly wind belt that, combined with the wave climate, results in a high-energy

coastal climate.

A harbour was constructed at New Plymouth in 1881 (Fig. 1.4). Taking advantage of
the Paritutu volcanic headland (Fig. 1.2), the fledgling port utilised a breakwater to
provide shelter for vessels, thereby creating the only deepwater port on the West Coast
of New Zealand. However, almost immediately following construction, the effects of
this structure protruding into the littoral system became apparent. Sedimentation was
occurring on both sides of the breakwater, and a regular dredging and offshore disposal
programme was instigated to maintain an adequate navigation channel and berthage.
Coincident with this sedimentation and dredging, beaches and the coastline adjacent (to
the east) of the harbour were denuded of sand, and the rate of coastal erosion was

observed to accelerate (Agnew, 1973).

s
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Figure 1.4: Photograph of Port Taranaki (circa 1902) showing the newly-constructed breakwater
extending from the Paritutu headland.
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1.3.1 Harbour sedimentation and dredging

One of the earliest investigations on reducing the sedimentation in the harbour was that
conducted by Mr C. Napier Bell, whose letter to the Harbours Board was printed in the
Taranaki Herald (the provincial daily newspaper) in October, 1901. In it, Bell rejects an
idea to remove a section at the root the breakwater in order to allow the unimpeded
northeasterly passage of sand along the coast, instead favouring continued dredging as
the most appropriate course. Until 1964, the dredged sediments were dumped on a spoil
ground approximately 700 m north of the harbour entrance (Fig. 1.5), after which the
ground was moved further offshore to its present location. The use of the first site was
discontinued after the resulting elevation of the seabed was thought to detrimentally
affect wave conditions at the harbour entrance (Atkinson, pers comm.). The present site
(Fig. 1.5) has its shoreward edge approximately 1000 m due north of the tip of the main

breakwater, in water depth of 16-28 m.

The breakwater has undergone four extensions since 1889, reaching it present length of
1256 m in 1967 (Fig. 1.6). With each extension, a new sedimentary equilibrium was
established for the region between the breakwater and Moturoa Island (McLennan,
1982), which has a salient morphology. This submarine tombolo was identified in a
1877 hydrographic survey by E C. Jones (Government Engineer) for the proposed
harbour site, extending southeast from Moturoa Island to the shore. Comparative
surveys by Y. T. Lim (Port Taranaki Hydrographer) in 1984 suggest accretion of the
order 1.4-1.7 million m® has occurred in this region (Hicks & Gibb, 1987). An analysis
of the dredging records from 1897 - 1976 by McLennan (1982) indicates that a
reasonably constant level of dredging at 156,000 m’ per year was maintained, although
the more recent estimates by Atkinson & McComb (1997) for the period 1989-1996
give a higher value (~180,000 m® per year). The latter is likely to be more accurate due

to improved survey techniques.

There exist clear patterns of sedimentation within the harbour. The main area of
accretion is the breakwater tip-shoal region (Fig. 1.5), which accounts for approximately
70-75% of the harbour maintenance dredging volumes (Atkinson & McComb, 1997).
Fine to medium sized sands accumulate here in a characteristic two-lobed shape, while

finer material (including silts) are evenly deposited over the remaining operational area
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of the harbour. Presently, the harbour is dredged biennially with a trailer suction hopper

dredge to a depth of 10.5 m.

ey

salient

Figure 1.5: Bathymetric map of the harbour region, showing the breakwater tip-shoal, present and past
dump sites for maintenance dredgings, harbour entrance channel and the salient inshore of Moturoa
Island.
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Figure 1.6: Aerial photograph of Port Taranaki showing the present-day layout (March, 1998). The split-
hopper dredge Pelican can be seen dredging on the breakwater tip-shoal (photo by J. Kito, Taranaki
Regional Council)

1.3.2 Coastal erosion and nearshore sediment budgets

Over successive years, the issue of sand depletion of the New Plymouth foreshore has
galvanised the local government against the port authority, with the former strongly
expressing the desire for mitigation of the downstream effects of the harbour dredging
operations. Coastal rock-wall armouring of the city foreshore commenced in 1944 to
halt the rapid erosion as the beaches to the east of the port were denuded of their
intertidal sand deposits (e.g. Fig 1.7). From the 1970s, a series of studies were engaged
to investigate foreshore erosion and beach renourishment options (i.e. Agnew, 1973;
Agnew, 1976, Kirk, 1980; McLennan, 1982; Hicks & Gibb, 1987).
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Figure 1.7: 1880 survey map of the central New Plymouth region by T. K. Skinner. The foreshore is
mostly a wide sandy beach. Rocky intertidal reef platforms are evident at Kawaroa and near Te Henui as
well as sandy areas on the upper shore.

While those studies did not involve detailed field experimentation, a common finding
was that the net sediment transport was directed alongshore to the northeast, and the
port has a significant effect on the nearshore littoral sediment budgets along the eastern
city foreshore. Other factors were also identified as having negative impacts on the
coast, specifically those associated with the 1908 railway re-routing which involved a
major coastal re-alignment at the Huatoki rivermouth, and the re-direction of the Te
Henui Stream (Fig. 1.2). The dumping of dredged sediments in the offshore spoil
ground (Fig. 1.5) has been described as depleting the nearshore littoral system of
sediment (e.g. Hicks & Gibb, 1987), although possible mitigation was identified
through re-location of the disposal ground, or the use of an alternative method such as a

pumping system to bypass sediment across the harbour entrance.

The path and flux of sediments naturally bypassing the harbour have been disputed,
with McLennan (1982) concluding that the harbour totally interrupted the littoral
transport at New Plymouth, while Hicks & Gibb (1987) estimate that approximately
40,000 m’ passes across the harbour entrance annually. Hicks & Gibb (1987) also
describe the effect of the main breakwater as deflecting the longshore movement of
sediments out into deeper water. Sediment trapping experiments adjacent to the main
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breakwater by Gorman et al. (1995) represent the first sediment transport field data, and
showed high loads of suspended sediments. Coupled with measured longshore directed
currents, their data imply that active sediment bypassing of the harbour is occurring,
with bypassing fluxes of at least 10,000-20,000 m3y'r‘l (projected from data recorded in
moderate to calm conditions). At Fitzroy Beach, some 5 km east of the port, McLennan
(1982) calculated an annual longshore transport of 55,000 m® to the northeast, but
suggested that value must be an over-estimate as it was not matched by equivalent
beach erosion. Hicks & Gibb (1987), however uphold those calculations as evidence of
sediment supply to the beach, both from natural bypassing of the harbour entrance, and

migration from the offshore dredge spoil ground.

1.3.3 Sedimentary and coastal features

New Plymouth has an irregular coastline with an approximately east-west orientation.
The Paritutu/Ngamotu volcanic extrusions dominate the western region, while the
central and eastern regions contain a series of reefs and channels that extend roughly
perpendicular to the shore (Fig. 1.2). At the eastern extremity of New Plymouth there is
a 1.7 km long sandy beach, which exists on the western flank of the delta formed by the
Waiwakaiho River (McLennan, 1982). Inter-tidal and sub-tidal structures are comprised
of inter-bedded lahar deposits, often overlain by boulders, gravels and sand. The
substratum lithology is classified as part of the Maitahi Formation which is a volcanic
breccia containing a heterogeneous assemblage of boulders to gravels within a sandy /
muddy matrix (Neall, 1994). Selective erosion of the weaker matrix has resulted in large
inter-tidal platform reefs which regionally extend as sub-tidal boulder fields up to 5 km
offshore (TCC, 1985). Considerable spatial variability is noted for these inter-tidal and
sub-tidal features, resulting in a complex bathymetric and sedimentary environment,
with both rocky and sandy substrates (Fig. 1.8). Arron & Mitchell's (1984) side-scan
sonar data shows that a sandy seabed dominates the western regions, extending as far as
the harbour entrance, after which the sandy bed grades into a predominantly rocky
substrate. A ribbon of sand extends shore-normal across the entire nearshore zone,
which has the appearance of an in-filled relict fluvial channel. With reference to Figure
1.8, Hicks & Gibb (1987) state that "it is tempting to recognise a trail of sand patches
leading from the old dumping ground northeast of the port to East End Beach".
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The mobile sands are mostly of andesitic volcanic origin (Matthews, 1977; McLennan,
1982), and there is considerable spatial variation in the median particle size, which
Hicks & Gibb (1987) attribute to wave energy gradients. Regionally, they may be
described as well-sorted fine sands, with solid densities that range from 2750-3730
kg.m'3, with an average value of 2850 kg.m'3 (Bartholomeusz, 1985). The mineral
compositions remain relatively constant, with 38% (by mass) of heavy minerals (i.e.
augite, opaques and horneblend) and 62% light minerals (feldspar and composites)

(Bartholomeusz, 1985).

— — Limit of survey
Rock/gravel
(] sand

0

Figure 1.8: 1984 map of the sandy and rocky seabed facies at New Plymouth from the side-scan sonar
survey of Aaron & Mitchell (1984).
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1.3.4 Wave climate

The New Plymouth regional wave climate is considered in numerous studies (i.e. HRS,
1963; Glenn, 1972; Agnew, 1976; TCC, 1980a and b; TCC, 1981; McLennan, 1982;
TCC, 1985; OSL, 1989; MOR, 1991, Gorman et. al, 1995), three of which (HRS, 1963;
Agnew, 1976; McLennan, 1982) use data obtained from visual observations of wave
height, period, and direction. Glenn (1972) reports the statistical wave climate for
offshore of Port Taranaki (~ 30 m depth) generated from meteorological data. TCC
(1985) reports on three months of wave data measured by a Waverider buoy moored in
20 m water depth 2.5 km offshore of the New Plymouth Airport. The general
conclusion is that the North Taranaki wave climate is dominated by long-period waves
approaching from the westerly quarter. MOR (1991) presents the analysis of non-
directional waves from seven years of recorded data from a wave tower at the entrance
to Port Taranaki. Those data show a seasonal variation in wave height (with the largest
wave heights observed from May-October) and further confirmation of the wave-

climate dominance by low-frequency (<0.1 Hz) components.

Wave data have been collected in the South Taranaki Maui oilfield (Fig. 1.1) over a ten-
year period (September 1976-April 1987), the last year of which included directional
wave information. Those data are generally representative of wave conditions along the
west coast of central New Zealand with the exception of local features (Laing, 1993).
Kibblewhite e al. (1982) have produced a wave climate based on five years (1977-81)
of these data and their analysis of seasonal variations indicates a higher wave climate in
the winter months. From their data for May — September, the occurrence of significant
wave height in the <1, 1-2, 2-3, 3-4, 4-5, and >5 m ranges is approximately 3%, 25%,
35%, 25%, 8% and 4%, respectively. In a spectral analysis of the Maui wave data by
Ewans & Kibblewhite (1992), the measurements demonstrate the importance of the
south-west swell component (with a wave period of 12.4 s) arriving from distant
sources in the south of the Tasman Sea and the Southern Ocean. They suggest that the
westerly and south-westerly wind components also make a significant contribution to

the wave climate.
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1.3.5 Wind climate

The weather pattern at New Plymouth is characterised by the eastward migration of
anticyclones at 5-7 day intervals, separated by low-pressure troughs. Anticyclones
account for settled conditions, which occur about 25% of the time, with the rest of the
weather determined by the low-pressure systems (Harris, 1990; Maunder, 1970). The
path of anticyclones across New Zealand exhibits a seasonal variation, with anticyclonic
influences extending further south over the summer/autumn months. Patterns are further
modified in response to El Nino-Southern Oscillation (ENSO) events, whereby an El
Nino event typically results in a west-southwest anomaly superimposed over the
‘normal’ wind conditions, causing strengthened and more frequent west-southwesterly
winds. For a La Nina event the opposite is generally true, with an east-northeasterly

wind field anomaly.

Winds are routinely measured at the New Plymouth Airport (14 km northeast of Port
Taranaki; Fig. 1.1), and those data have been summarised by TCC (1980a, 1980b,
1981). The dominant annual wind directions are from the southeast and west (Fig. 1.9).
Gorman et al. (1995) note that while winds at Port Taranaki are modified by
topographic effects, the regional airflow is well represented by the New Plymouth
Airport data.

Windrose for:
New Plymouth Aero C94012
1/1/1992 - 31/12/2000
All hours

|m > 39 kmvhr

= 30-39 kmvhr

' 20-29 kmvhr

|+ 1-19 kmvhr

Mean speed 18 km/h
Calm1%

Variable 1%

Figure 1.9: Wind rose for New Plymouth Airport (1992-2000).



Chapter 1: Introduction

1.3.6 Currents

Prior to the present study, very little data on coastal circulation patterns in the New
Plymouth region was available. Measurements were made over 16 weeks (in 1992 /
1993) at 5 and 9 m depths just offshore of the New Plymouth Power Station by Black &
Sokolov (1993). They found that the typical tidal currents were less than 4 cms’,
representing about 4% of the total current variance. They also concluded that currents in
the region generally flow along bathymetric contours and that low frequency (>0.5 cpd)
variance is strongly dependent on the east-west component of wind. Field
measurements by Gorman et al. (1995) at two sites near the harbour entrance were in

concurrence with the general findings of Black & Sokolov (1993).

The broader circulation on the North Taranaki coast has been described by field
investigations conducted by TCC (1981 and 1985) and OSL (1989). Data were collected
primarily to assess options for marine outfalls and currents were measured at a range of
North Taranaki sites and water depths (7 to 70 m). Those studies indicate that the
regional circulation is primarily determined by continental shelf dynamics and local
wind stresses, which concurs with the suggestions of Heath (1982) and Kibblewhite et
al., (1982). Currents are predominantly parabathic, and exhibit both up-coast and down-
coast modes, while the net flow is predominantly down-coast. The latter suggests a base
flow, most probably due to the West Auckland current (Heath, 1982). The up-coast flow
is generally less persistent and is usually associated with strong west to south-westerly
winds. TCC (1985) was able to relate the currents at Waitara to the wind stress, with
down-coast velocities of 4.6% of the wind speed, and up-coast velocities of 2.8%.
Those findings are similar to that of Kibblewhite et al. (1982) on the South Taranaki
coast, in which the wind-forced currents had velocities of ~3% of the wind speed. Tidal
currents were weak (< 10 cms™') and often masked by the wind-driven circulation.

Flood tides exhibit an up-coast flow, and ebb tides have a down-coast flow.

Mid-water currents measured over a one-year period at a site north of Waitara (in 20 m
water depth) show a net current vector of 5.7 cms™ at a heading of 260° (TCC, 1985).
Velocities were found to range from 5-30 cms”. OSL (1989) discuss the TCC data and
further reports that the coastal currents are rarely likely to exceed 50 cms™. Current
profiling and drogue tracking experiments by TCC (1985) indicate that current
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velocities decrease with increasing depth below the water surface. While a temporal lag
is evident between the surface and mid-water currents at periods of veering winds, no
systematic current stratification in the water column was observed. Currents
measurements made by TCC (1985) at three nearshore sites off Motunui (5 km east of
Waitara, in water depths of 10-18 m) and at a single reference site off Waitara (20 m
water depth) indicate a systematic reduction in velocity with increasing proximity to
shore. Nearshore current directions remain congruous with the measurements made at
the reference site (i.e. bimodal longshore), although a greater overall directional
variability was noted. Under stormy conditions, however, the peak flows at the
nearshore sites were frequently observed to exceed those measured further offshore,

suggestive of strong wave-driven currents in the nearshore zones.

1.4  Mitigation studies

The Resource Management Act (1991) requires the operators of Port Taranaki
(Westgate Transport Ltd) to avoid, remedy or mitigate the adverse effects of its
activities. Resource consents for harbour dredging and disposal expired in 1999, and in
seeking renewal, Westgate commissioned the Department of Earth Sciences, University

of Waikato, to undertake coastal studies to:

e seek the best sites for placement of the sediments dredged by the port and,
once selected, to measure and predict the effects on the environment in

relation to the port’s regular maintenance dredging programme.

Those studies, which commenced in 1996, were also required to address the community
and cultural issues associated with dredge-spoil disposal. Specifically, the civic desire to
see sandy beaches returned to parts of the foreshore needed to be balanced by the view
of those who value rocky intertidal regions. Both Maori and non-Maori in the local
community recognise the region immediately east of the port (i.e. the Kawaroa Reef) as
a source of kaimoana (seafood), and did not wish to see the ecology altered.

Accordingly, the constraints on site selection were to:

e Place the port’s maintenance dredging sand in the littoral drift zone that is feeding

the city’s beaches;
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o Consider independent treatment of the sand dredged from around the tip shoal and

the main breakwater and the muds dredged from deeper within the port;

o Prevent any sediment flux associated with the port’s dredging from damaging the

local kaimoana beds on the intertidal and shallow subtidal Kawaroa Reef;
e Minimise re-circulation of dredged sediments back into the port, and

e Ensure that dredge-spoil disposal sites are sufficiently capable of dispersing the

dumped sediments within the biennial maintenance dredging return period.

1.4.1 The author's role in the mitigation studies

The coastal studies by the Department of Earth Sciences, University of Waikato, were
structured to address the port’s requirements and with the intention that the research and
experimental effort would additionally form the basis of the author's thesis. The author
undertook the majority of the fieldwork, which involved planning and preparation for
the experiments, all aspects of instrumentation, field operations (including over 500
SCUBA dives), hydrographic survey and data analysis. The information collected in the

field experiments from September 1996 to June 2000 forms the substance of this thesis.

1.5  Thesis objectives

The objectives of the thesis are:

e to investigate the wave dynamics, hydrodynamics and sediment dynamics over
mixed “black” sand and rock seabeds at an energetic open coast of irregular

morphology, and

e to consider aspects of Port Taranaki sedimentation, dredging and dredge-spoil

disposal within that environment.
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1.6 Studies undertaken

Two large-scale field measurement programmes were conducted. The first was a two-
month deployment of 12 wave and current meters along the New Plymouth coast, with
the aim of collecting data for the calibration of a numerical wave refraction model. That
model was used to identify potential nearshore dredged-sand placement sites for further

study. The second was a one-year programme that involved:

coastal hydrographic survey;

e a trial nearshore placement of 47,000 m’ dredged sand in a specifically shaped

mound;
e monthly hydrographic surveys of the trial placement and the breakwater tip shoal,
e quarterly side-scan sonar surveys;

e atwo-colour artificial sediment tracer release and sampling programme, with release

at the trial placement site and offshore of the main breakwater;

e a two-month measurement of suspended sediment profiles from 23 sites using

sediment traps;
e atwo-month deployment of 13 wave and current meters;

e aone-year deployment of directional wave and current meters inshore and offshore,

and

subtidal and intertidal monitoring of the benthic ecology.

In addition to the empirical outcomes, these data were used to calibrate/validate a suite
of numerical models that were ultimately applied to the selection of future sites for the
disposal of dredged sediments (under the aforementioned constraints in Section 1.2.4).
The refraction modelling was undertaken as part of this thesis, while the circulation and
sediment modelling was done by Black (Black and McComb, 2000). The study results

are embodied in a series of five reports that cover the field measurements, numerical
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studies, ecological studies, and an Assessment of Environmental Effects (AEE). These

reports are listed in Appendix 1 of this thesis.

1.7 Thesis structure

The thesis is presented as a series of eight papers that have been published in or
submitted to scientific journals, or presented at international conferences and published
in the proceedings. These works represent various overlapping components of the
coastal system at New Plymouth, and aim to address the specific knowledge shortfalls
that exist for this rocky, high-energy environment. A discussion chapter links the topics
together to provide an overview of the coastal and sediment dynamics, including
supporting data that is not presented in the papers. The thesis structure does not adhere
to the chronology in which the work was conducted, but rather seeks an order that
allows the thesis objectives to be addressed in a clear and logical fashion. Each chapter
was written as a stand-alone paper, which means there is some repetition in the paper
introduction sections. To provide continuity, an introductory summary is presented at
the start of each thesis chapter, which outlines the contextual basis for that chapter and

the relationship to the overall thesis objectives. Here, a brief chapter synopsis is given.

Chapter 2 presents the methodology behind the second (and most intensive) of the field
experiments. Much of the background context for the thesis is provided here, along with
a summary of the main experimental techniques and some generalised field data results.
This paper was delivered at the Coastal Structures '99 Conference in Santander, Spain,

and has been peer-reviewed and published in the conference proceedings.

Chapter 3 is a published journal paper that evaluates the performance of a newly-
developed wave/current meter (3D-ACM WAVE by Falmouth Scientific, Inc). This
paper documents two methods for deriving the directional wave spectra from p, u, v
meters, and identifies taut-wire mooring motion as a significant source of error in
calculating directional spectra. A method for minimising this error is given, along with
examples of the time-averaged directional spectra derived from coincident nearshore
and offshore wave data. This paper was submitted to the IEEE Journal of Oceanic
Engineering in October 1999, and a revised version was published in the April 2001

Issue.
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Chapter 4 describes calibration experiments that tested the efficiency of sediment traps
to measure the time-average suspended sediment concentrations under wave-dominated
conditions. A variety of traps were tested to determine the most appropriate shape and
dimensions for use under large waves. Following this, the efficiency of a single trap
design was evaluated through comparison with an automated water sampler over a
range of wave events. The findings are the first strong validation for the use of sediment

traps under waves, and this paper has been submitted to Marine Geology (July, 2001).

Chapter 5 treats the shallow-water wave transformation processes at New Plymouth in
a paper delivered at the Pacific Coasts and Ports 1997 Conference in Christchurch, New
Zealand. This peer-reviewed work uses data from the first set of field measurements
made in this project, and describes the influence of seabed friction and refraction on the
nearshore distribution of wave energy. The effect of white-capping from onshore winds
is also isolated and a mechanism based on reduced refraction and increased wave
diffraction under onshore winds is suggested. A high-resolution numerical wave
refraction model was calibrated with field data, and used to define the spatial
distribution of wave energy. The results of this modelling were applied to selecting a

trial site for a nearshore dredged-sand placement ground.

Chapter 6 describes the accretion of the Port Taranaki breakwater tip-shoal over a nine-
month period following dredging. Monthly hydrographic surveys showing accretion
rates of the order of 150,000 m’yr' are related to the measured directional wave
climate. Numerical simulations of wave refraction/diffraction were employed on three
tip-shoal bathymetries to show how penetration of the refracting wave around the tip
shoal drives harbour sedimentation patterns. This paper was presented at the Pacific
Coasts and Ports 1999 Conference in Perth, Australia, and has been peer-reviewed and

published in the conference proceedings.

Chapter 7 details the dynamics of an experimental placement of 47,000 m’ of dredged
sand in 5 - 10 m water depth. Monitoring the behaviour of the specifically shaped
placement mound yields important information on how sediment is dispersed and the
rates of dispersal within a predominantly rocky nearshore environment. This paper was

presented at the International Coastal Symposium 2000 in Rotorua, New Zealand, and
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has been peer-reviewed and accepted for publication in the Journal of Coastal Research

(ICS 2000 Special Issue).

Chapter 8 presents detailed observations of littoral sediment transport from artificial
sediment tracing studies. Tracers were used to investigate the sediment
entrapment/bypassing of the harbour entrance, and to monitor the fate and behaviour of
the sands dumped at the experimental dredge sand placement site (Chapter 7). This
paper has been submitted to the Journal of Coastal Research (July, 2001), and has been

accepted for publication following revision (February, 2002).

Chapter 9 establishes a methodology for predicting the suspended sediment reference
concentration and profile, under energetic, wave-dominated conditions over ‘“black”
sandy beds. Using coincident data from sediment traps and bottom-mounted
wave/current meters, the time-averaged near-bed reference concentration (C,) is related
to the wave-orbital induced stress on the seabed. This paper has been submitted to

Marine Geology as a companion paper to Chapter 4.

Chapter 10 presents a summary and discussion that unifies the topics covered in the
individual papers, and directly addresses the thesis objectives and knowledge shortfalls.

Conclusions to the thesis are given in the final Chapter 11.

In addition to the papers presented in the chapter format of this thesis, the author has
completed and/or contributed to other related works, including papers and consulting
reports. These cover a range of topics, but remain strongly linked to the central theme of

the thesis. They are given in the following appendices.

Appendix 1 provides a bibliography of consulting reports and additional co-authored
science papers arising from the University of Waikato coastal studies at New Plymouth,

as well as consulting reports that investigate the regional coastal environment.

Appendix 2 details the calibration and validation of the WBEND wave refraction model
applied in the numerical studies of Black & McComb (2000) and in the biological

studies of Cole et al. (submitted).
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Appendix 3 is an abstract on a novel procedure for using a drop-video camera for high-
resolution mapping of benthic habitats on shallow subtidal rocky reefs. This was
delivered to the Fisheries Research Division Conference "Direct sensing of the size and
abundance of target and non-target fauna in Australian fisheries" at Rottnest Island,

Western Australia, September 2000 (http://www.aims.gov.au/pages/research/video-

sensing/papers/cole/dc/DC-START.htm). The abstract includes an interactive HTML

CD map with linked video imagery, which is attached at the back of the thesis. The
abstract is authored by Cole, McComb and Sait.

Appendix 4 is a paper that investigates the characteristic distribution of benthic habitats
on a high-energy, rocky coast to establish the link between ecology and physical
parameters (e.g. waves, currents, suspended sediments, surficial sediments, and
subsurface light levels) at this temperate location. This paper has been prepared for
submission to Liminology and Oceanography, and is authored by Cole, McComb and
Black.

Additional data to support the thesis is provided in Appendix 5. This includes
suspended sediment data from the field measurement programmes and a complete set of
maps showing the sediment tracer results. Time-series plots of the wave orbital
velocities are included for the sediment trapping periods. A CD is also attached with the
complete wave, current, wind and tide data collected in the two field measurement

programmes.

1.8  Statement of authorship

The research presented in this thesis is the product of the author, and the joint
authorship of the papers included herein is the result of collaboration at a collegial level.
The numerical model of mooring motion (described in Chapter 3) was conceived by the
author, but developed by Dr R. Gorman (National Institute of Water and Atmospheric
Research) and subsequently refined with input from Dr G. Terray and Dr M.

Grosenbaugh (Woods Hole Oceanographic Institute).



2 COASTAL AND SEDIMENT DYNAMICS AT PORT TARANAKI,
NEW ZEALAND: A LARGE, MULTI-FACETED, FIELD
EXPERIMENT

2.1  Context of the paper within the thesis

Three experimental field programmes were conducted in the course of the thesis; two
that involved the large-scale deployment of oceanographic instrumentation, and one for
instrument calibration. This paper reports on the second and most intensive of these
programmes. The work was designed to provide the necessary data to calibrate and
validate numerical models of the coastal and sediment dynamics at New Plymouth, as
well as provide empirical information on sediment transport pathways, accretion within
the port, and sediment dispersal from an experimental nearshore dredged-sand dump
mound. Six months of planning and preparation were involved in establishing this
programme, which ran for a period of 18 months from March 1998. In addition to the
experimental methodology, some preliminary results are presented here, although the
findings are more fully developed in subsequent chapters. This paper was presented at
the Coastal Structures '99 Conference in Santander, Spain and peer-reviewed/published

as:

McComb, P., Black K., Healy, T. and Atkinson, P., 1999. Coastal and sediment
dynamics at Port Taranaki, New Zealand: a large, multi-faceted, field experiment.
Proceedings of Coastal Structures ‘99 Conference, Santander, Spain (Vol. 2), pp. 823-
832.
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2.2 Abstract

A programme was implemented to seek ways to mitigate environmental impacts on the
downstream coast beyond Port Taranaki, New Zealand. The port breakwaters disrupt
the nearshore littoral transport system and trapped sediments are presently dredged and
placed offshore at a sandy dumpsite in greater than 16 m water depth. The study region
is characterised by large, distended rock reefs projecting offshore between sandy
channels. Coastal sediments are of andesitic volcanic origin and net littoral transport
exceeds 220,000 m3yr". The coast is exposed to the Tasman Sea and features a high-
energy wave climate. The study examines environmental impacts and the potential to
maximise environmental benefits by nearshore placement of dredged sandy sediments.
Data were collected by simultaneous monitoring of physical processes over three years,
including sediment dynamics and seabed character, at a range of rock reef and sandy
sites along 5 km of coast adjacent to the port. The experimental design integrates a wide
range of field measurement techniques. Sediment tracing, multiple simultaneous
instrument deployments and a trial nearshore placement of dredged sand provide an
exceptional database for future numerical model calibration/validation. The data depicts
the coastal physical environment as being dominated by the wave climate and wave
transformation within the reefs which side-scan sonar images show to be irregular and
of wvariable roughness. Measurements of time-averaged suspended sediment
concentrations on the reefs were large (averaging 0.052 kg.m” at 0.5 m elevation) and
strongly dependent on distance from sandy substrate, not on local wave conditions.
However, multiple surveys over 14 years indicate that the sandy patches within and
between the reefs are long-lived and remain positionally stable. Thus, while locally
impacted by the port, the measurements show the system as having high suspended

loads in a sand/rock region which has reached sedimentary equilibrium.

2.3 Introduction

Numerical simulation provides an effective method for resolving both the temporal and
spatial variation of physical processes in complex coastal environments. However, the
application of such models requires calibration and validation with appropriate field
measurements, often specific to the particular study environment. This paper presents
the design and implementation of a large, multi-faceted field experiment for
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investigation of coastal and sediment dynamics adjacent to Port Taranaki, New
Plymouth, New Zealand. After 115 years of offshore placement of dredge spoil, the
cumulative effect has been advanced erosion of the downstream shoreline. Combined
with other coastal works, this has resulted in placement of rock armouring along 75% of

the adjacent city coastline.

A three-year programme of study was implemented to identify ways to mitigate the
environmental effects of the port on the nearshore littoral transport system, and to
optimise the benefits of sediment replenishment into the littoral system by informed

selection of the location, shape, and elevation of a nearshore placement site.

Several potentially conflicting issues exist. The port requires a solution that is both
operationally efficient and financially viable for port operations. Beyond this focus, the
civic viewpoint extends toward re-establishing inter-tidal sandy beaches within the city
limits and the nourishment of existing beaches. Balancing this is a concern about
sediment inundation of inshore marine biota. This view is primarily voiced by local
Maori who regularly harvest shellfish (haliotis, evechinus, and turbo) from the inter-
tidal reefs. To address these issues with confidence, a comprehensive understanding of

the physical processes operating in the region is needed.

Special features of the site include a heterogeneous seabed structure of mixed sand and
large rocky reefs. The wave energy is high and sediments are of andesitic volcanic
origin. Similar sites have rarely been studied and no large studies of the kind presented
here have been attempted in similar locations. Coastal and sediment dynamics
investigations, such as described by Healy ef al. (1998) and Lou & Ridd (1997), have
indicated the explicit requirement of acquiring reliable field measurements in order to

adequately resolve the physical processes operating in the environment of study.

Some of the aims of the present work are similar to the aforementioned investigations,
but the conditions at New Plymouth are made complex by the open coast environment,
with a predominant swell approach at 45° to the shoreline, passing through a series of
offshore islands. Wave conditions can vary from short-storm swell (1-4 m high and
periods of 4-8 seconds) to long ground swell generated in the Southern Oceans, with

inshore heights of up to 6 m and spectral peak periods of up 16-18 s. The collection of
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field measurements in these conditions presents challenges when attempting nearshore

deployment of field equipment at sites that are sometimes at the breakpoint of 4-6 m

waves.

In this wave environment, we expected the reef and channel seabed topography to
strongly influence the suspension and entrainment of littoral sediments. Spatial
variability in wave energy and seabed substrate will affect the localised suspension of
sediments, and the transport induced by the wave-, wind- and regional circulation
systems. The open-coast nature of the study region is likely to result in highly variable
circulation patterns. Furthermore, while the littoral transport of quartz sediments has
been well-studied (Fredsoe & Deigaard, 1992), the behaviour of sediments containing

high-density (4800 kg m™) titanomagnetite components is not as well understood.

The path and flux of sediment bypassing the harbour have been disputed. McLennan
(1982) concluded that the harbour totally interrupted the littoral transport, while Hicks
& Gibb (1987) estimated that approximately 40,000 m’ passes across the harbour
entrance annually. Sediment trapping experiments in the region of the breakwater tip
and further offshore by Gorman et al. (1995) showed high suspended loads at both sites,
suggesting active bypassing is occurring beyond the nearshore littoral transport zone
that feeds the port’s tip shoal. They measured bypassing fluxes of at least 10,000-20,000
m’ yr' from data recorded in moderate to calm conditions. Compounding the overall
complexity is the effect on sand transport of numerous rocky seabeds in the study
region, both at the full-reef scale and micro-scale where turbulence is induced around

the individual rock elements.

In this paper, we present an overview of the circulation, which provides insight into the
questions of bypassing, trapping rates and net fluxes of sediment up the coast. The study
has proceeded in two stages, each with an associated data collection exercise. The first
stage sought to assess the potential for the nearshore placement of port dredgings, and
has been previously reported (McComb et al. 1997). A two-month field experiment
provided data for the calibration of the WBEND wave refraction model (described by
Black & Rosenberg, 1992b), from which the spatial distribution of wave energy within
the study area was defined. Field measurements and numerical outputs clearly identified
a potential nearshore placement site that was proximate to the harbour and satisfied the
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criteria of navigability, capacity and potential for sediment flux. The second stage of the
study focuses on optimising this nearshore region as a placement site for harbour dredge
spoil and assessing the environmental impacts. This is achieved through the
interpretation of field measurements in conjunction with the application of calibrated
sediment transport models. The description of the field experiments associated with this
second stage of the study form the basis of this paper, together with the overview

summary of circulation and sediment dynamics.

2.3.1 The study site

Port Taranaki is the only deep-water harbour on the west coast of New Zealand, and is
located on the northern flank of the Taranaki volcanic ring-plain (Matthews, 1977). The
harbour was constructed in 1884 on a coastline which is exposed to the Tasman Sea and
experiences a high-energy (1-6 m) wave climate, dominated by long-period (12-18 s)

westerly quarter swell. The spring tidal range is 3.1 m.

The coastal bathymetry features a reef and channel structure comprised of volcanic
breccia, intermittently overlain with boulders, gravel and sand. Andesitic volcanic
islands are present adjacent to the port. Littoral sediments are predominantly of local
volcanic origin, and characterised as medium-fine ‘black’ sands consisting of 38%
heavy minerals (titanomagnetite, augite, horneblend) and 62% lighter minerals
(feldspars) (Bartholomeusz, 1985). Aaron & Mitchell (1984) mapped the distribution of
rocky and sandy seabed within the study area using side-scan sonar. They show a broad
sandy seabed adjacent and west of the harbour, grading into a predominantly rocky bed

to the east.

The port breakwaters extend some 1250 m seaward from a natural headland (Fig. 2.1)
and their intrusion into the coastal littoral transport system results in the accumulation
of sediments, primarily around the breakwater tip. Currently, a trailer-suction hopper
dredge is used to remove approximately 180,000 m’yr’' of material, which is dumped

offshore in water depths of 15-20 m (Fig. 2.1).
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Figure 2.1: The study site showing the port, nearshore bathymetry (depths in 5 m contours), existing
offshore disposal ground for port dredgings and the potential nearshore disposal site.

2.3.2 Experimental design

Key research questions that need to be addressed through interpretation of both the field

data and numerical models are:

the effects on sediment movement of the complex, sub-tidal reefs at a macro-scale;

e the importance for sediment suspension of reef roughness at a micro-scale;

e interaction and transformation of waves and currents on the reefs and the subsequent

effect on sediment transport and,

e the net movement time scales and fluxes of sediment through the study region.

To address these issues, the experimental design integrates a wide range of field
measurement techniques, particularly incorporating redundancy for confidence in the
interpretation while also ensuring adequate data recovery in the event of instrument loss

or failures in the high-energy environment.
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The data acquisition programme considers the scales of temporal and spatial variability
in the study region to ensure adequate representation of key processes and sub-
environments (e.g. Lakhan, 1989; Morang et al., 1997). The measurements provide for
numerical model calibration and validation, as well as direct empirical monitoring of the
coastal physical environment. An offshore site is required for the model boundary
reference condition as well as for acquiring directional wave climate statistics.
Understanding of the wave and sediment dynamics at the breakwater tip region is
important for quantification of net littoral transport, natural sediment bypassing, and for
identifying possible dredging efficiencies. Our initial model studies (McComb et al.,
1997) indicated a region to the east of the harbour with high sediment transport
potentials. This region (Fig. 2.1) was chosen for a trial nearshore placement of dredged
material. Further east, three imposing shore-normal reef and channel structures
represent potential interruptions to the longshore drift connecting the port region to New
Plymouth’s eastern beaches. The selection of instrumentation sites within these regions
needs to include all substrates. Accordingly, a one-year data collection programme was
designed. The deployment plan with the following components is summarised in Figure

2.2, and the rationale is subsequently discussed.
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Figure 2.2: Field deployment plan including instrumentation, tracer and trial sand placement.

The key components were:

a trial nearshore placement of dredged material;

e monthly hydrographic surveys of the trial placement and the breakwater tip shoal,

e quarterly side-scan sonar surveys;

e atwo-colour artificial sediment tracer release and sampling programme, with release

at the trial placement site and offshore of the main breakwater;

e a two-month measurement of suspended sediment profiles from 23 sites using

sediment traps;

e atwo-month deployment of 13 wave and current meters;

e aone-year deployment of directional wave and current meters inshore and offshore;

e one-year recording of tides and meteorology;
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e 6-months of computer-controlled video monitoring of sea-state with images hourly

and,
e repetitive biological monitoring of sub-tidal and inter-tidal marine biota.

The trial placement of sand is a key component to the study. Not only does it provide
clear empirical information on sediment flux from the trial dump site, but also facilitates
the assessment of effects on marine biota. The sediment tracer allows monitoring of the
passage of the dumped material. The tracer is a marker, which shows unambiguously if
sediment from the trial placement is inundating key biological habitats. Tracer released
along the front of the main breakwater shows the pathway and magnitude of natural
sand bypassing past the harbour entrance. The one-year measurement of directional
waves and currents facilitates the derivation of nearshore and offshore wave climates
plus physical context data to relate to measured tracer movement, trial site erosion and
breakwater tip-shoal accretion. The study of biological effects is not included in this

paper but is discussed by Cole et al. (1999).

2.4  Experimental methods

Field experiments were scheduled to commence at the conclusion of a biennial dredging
campaign (March 1998). Operations at sea were conducted from a 7.5 m survey craft,

equipped with DGPS for sub-metre positioning.

2.4.1 Trial nearshore placement

Some 47,000 m’ of dredged sand was selected for the trial placement. This amount was
considered to be a minimum volume for monitoring purposes, while remaining small on
a regional scale, thus minimising the potential for adverse biological effects (Atkinson
& McComb, 1997). Placement was effected over a 5-day period using a split-hull
hopper dredge to place the sand in an elliptical mound (73 vessel loads). The target
region for the placement covered an area of 11,631 m? in water depths prior to dumping
ranging from 6-10 m (Fig. 2.2). The seabed under the mound featured regions of sandy
and rocky substrate (Fig. 2.3). Monthly hydrographic surveys were conducted over the

mound and adjacent seabed.
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Figure 2.3: Sonograph (October, 1997) of the trial sand placement site showing the target region for sand
placement.

2.4.2 Seabed morphology and features

We conducted hydrographic surveys on lines spaced 10-50 m apart to supplement
existing Navy surveys, including high-resolution surveys (5 m spacing) over the trial
placement site. From the cessation of dredging (March, 1998), accretion of the shoal at
the tip of the breakwater (Fig. 2.1) was measured by monthly hydrographic survey for a
period of one year (McComb et al., 1999).

Digital side-scan sonar surveys were conducted four times. Two surveys covered the
entire study region (Fig. 2.1); the first pre-trial (October 1997) and the second 15
months later. Two intermediate surveys were conducted over the nearshore placement
region for monitoring sand movement. Data were processed to define the sand/rock
facies and gauge the seabed roughness. The rocky substrate appears as a strongly
speckled or broken signal in the sonographs while sand is seen as a uniform, brighter
signal return (Fig. 2.3). Seabed sediments from 30 sites were analysed for particle size
distribution and mineralogy. Fall velocity and equivalent size (Gibbs et al., 1971) was

obtained from the fall tube (University of Waikato Rapid Sediment Analyser), while
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mineralogy was determined by X-ray diffraction, magnetic particle separation and

visual microscopic inspection.

2.4.3 Sediment tracer

An artificial fluorescent material composed of a chromophore incorporated within
polyamide resin (supplied by Environmental Tracing Systems Ltd, UK) was used for
tracing. The tracer material was manufactured with a particle size distribution based on
the equivalent settling velocity of the native sediment. Two colours were employed for
the two separate release sites along 6-10 m depth transects (Fig. 2.2). A quantity of 100-
kg tracer was released at each site. The material was prepared by wet mixing tracer in a
1:2 ratio with native sediment (plus anti-surfactants). For each colour, the mixture was
divided into eight portions, frozen to —40 °C, and sealed in plastic sacks. After
positioning along the release transect, the sacks were opened by divers. Red tracer was
released from offshore of the port breakwater and yellow tracer released from the trial

placement site.

Sampling for tracer commenced four days after release on March 5, 1998. A total of 11
sampling surveys were conducted over the following 308 days, resulting in 1179
samples. These seabed samples (~500 cm®) were obtained using a van Veen grab (Fig.
2.4a) on sandy sites, and by towing a flared pipe (Fig. 2.4b) on the sand/rock substrates.
The site selection as the experiment progressed was aided by preliminary analysis of
sediment samples using visual inspection under UV irradiation. The sampling region
boundary was adjusted to extend beyond sites where tracer was found as the monitoring
progressed. A broad assessment of methods for counting tracer is the subject of a
separate study (Forsyth, 2000). Ultimately, the most appropriate techniques were found
to be video computer-based image analysis for automated tracer grain sizing and
counting, and dissolution in acetone and hydrochloric acid for bulk fluorescence

estimates in larger (30-50 g) samples (Forsyth, 2000).
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Figure 2.4: Sediment sampling devices; van Veen grab (a) and flared pipe (b)
2.4.4 Waves and currents

Waves and currents were measured using a suite of instruments, including seven
directional wave/current meters and six non-directional wave meters. The location of
the instrument sites was chosen to represent a range of environments along the New
Plymouth coast, as well as to provide data from the proximity of the port entrance and
the trial nearshore sand placement. Instruments were deployed prior to the placement of
sand at the trial nearshore region. Two sites were deployed for one year (Fig. 2.2, sites
L1 & L2), and the remainder for an initial intensive two-month period. Site L1 utilised a
taut-wire mooring, with the instrument located in mid-water (14.9 m above the seabed
in 23.4 m water depth). To facilitate monthly servicing, this mooring incorporated an in-
line instrument frame. All other sites used anchored seabed frames for instrument
mooring, with the current sensors positioned 1 m above the seabed. Pressure sensors for
the non-directional wave meters were placed close to the bed at 0.2-0.4 m elevation.
Over the intensive period, instruments were synchronised to record 2 Hz burst data for
9-18 minutes at half tidal phase intervals (373 minutes). For the subsequent 10 months
using different instruments (Fig. 2.2, L1 & L2), data were collected at 5.36 Hz in 18-

minute bursts at six hourly intervals. Spatial wave information was resolved from
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hourly sea-state imagery obtained by a “Cam-Era” automated video station
(http://www .nzniwa.com/cam-era/newplym.htm), sited on the foreshore at 65 m above
sealevel (Fig. 2.2). These images also provided an aid in interpreting the oceanographic

data.

2.4.5 Suspended sediments

Sediment traps at multiple levels were used to collect time-averaged suspended
sediment concentration (SSC) profiles. Traps were deployed in vertical arrays, mounted
on poles attached to a seabed frame (Fig. 2.5) at elevations of 0.5, 1.0, and 1.5 m. This
method has been found to be effective (Flint, 1998). The traps were designed to
accommodate high SS by limiting overfilling using a relatively small trap aperture (& =
30 mm) leading to a larger body of the trap. However, after some unexpectedly small
catches were made, this aperture was enlarged (& = 53 mm) for the 1.5 m level traps in
the latter part of the experiment. Traps were deployed at 23 sites (Fig. 2.2) over a 61-
day period, and were serviced by divers on an 8-16 day cycle (dependent on weather),

resulting in five sets of time-averaged SSC data.

The trapped samples were washed, wet sieved (45 um), dried and weighed. Providing
the sample was large enough, approximately 20 g of the sample was analysed by the
RSA system to obtain particle size and settling velocity distributions. The masses (M)
collected in the traps were converted to a downward flux (f;) with the units kg.m'zs'I as

follows:

Ja = M/At Eqn. 2-1

where A is the area of the aperture of the trap and ¢ is the time period of the trap
sampling. The downward sediment flux was converted to a time-average suspended
sediment concentration (C;;) at an elevation z (elevation of the orifice for each trap)
above the seabed, using the full settling velocity distribution of the trapped samples
(Nishi et al., 1992). Accordingly, settling velocity distributions obtained by the RSA
analysis of the trap samples were then broken into bins and the concentration calculated
for each bin. The distribution of the bins ranged from —3.5 to 4 phi at an interval of 0.5

phi. Concentration distributions were calculated as:
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M,
C.= Eqn. 2-2

w; At

where M, is the mass trapped, 4 is the area of the collection orifice of the trap, w; is the
settling velocity of the sediment particles of the /™ sediment fraction in the distribution.
These were then summed to provide a time-averaged concentration for the whole

sample as:
c % A Eqn. 2-3

The exponential relationship of the vertical distribution of suspended sediment

(Nielsen,1986) was applied to measured C; values to obtain mixing lengths (/;),

C,=C, e Eqn. 2-4

where z is the elevation of the trap and C, is the near-bed reference concentration.

41



Chapter 2: Field experiments

Figure 2.5: Sediment trap array on seabed frame.
2.4.6 Other physical parameters

Tide levels were recorded within the harbour and no significant tidal differences in level
occur throughout the field site. Wind speed and direction were recorded at the entrance
to the harbour on the exposed lee breakwater (Fig. 2.2). Sub-surface profiles of water
temperature and light intensity were recorded to examine stratification and attenuation
of light by fine material at one location (Fig. 2.2, L2) using four sensors vertically

spaced 2 m apart on a floating mooring.
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2.5 Results
2.5.1 Seabed features

A facies map produced from the November 1997 side-scan sonar survey (Fig. 2.6)
shows a broad area of sand surrounding the harbour entrance and seaward. A mostly
rocky bed predominates further east. The sonograph shows that bodies of sand tend to
exist on the western flanks of raised bathymetric features, which is in accordance with
suggestions of a net easterly sediment flux. Sand also tends to inhabit seabed
depressions, as evidenced by the in-filling of a relict fluvial channel (Fig. 2.6). The
positions of sand and rock patches, as determined by side-scan surveys, were found to
be highly stable between our surveys. Moreover, comparison of the two recent surveys

with a 1984 survey by Aaron & Mitchell (Fig. 1.8) indicated that this stability is a long-

term, consistent feature of the region.

Figure 2.6: The study site showing sand (shaded) and rock (un-shaded) facies from the October 1997
side-scan survey.
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2.5.2 Trial nearshore placement

Immediately following placement at the trial site by the dredge vessel, sediments were
observed to disperse over a region approximately twice the size of the original target
region sketched in Figure 2.3. The volumes of sand in the trial area show a steady
decrease over time (Fig. 2.7), with approximately 50% of the deposited volume
remaining after one year. Erosion of the mound was observed to be spatially uniform,
although a slight (50-100 m) shoreward migration was noted over the first four months
following placement. Side-scan images indicate that rocky areas adjacent to the mound

did not become covered with sand over the monitoring period.
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Figure 2.7: Time-series of volumes at the trial sand placement site.
2.5.3 Sediment tracer

The movement of tracer shows evidence of well-defined sediment flow streamlines (as
later described in Chapter 8). Red tracer released offshore of the main breakwater (Fig.
2.2) was seen to migrate longshore to the east, but with both offshore and longshore
components. The presence of red particles east of the harbour entrance confirms that the
port does not trap all of the nearshore littoral sand. Similarly, yellow tracer released
with the trial sand placement shows an easterly vector, with little evidence to suggest

significant re-circulation of sediments back into the harbour.
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2.5.4 Waves and currents

Averaged nearshore wave heights, when normalised to co-incident offshore
measurements, show considerable variation across the study region. The H; ratio is

defined as;

N
H m,,‘oziz H nearshore Ean. 2-5
N <\ ", offshore qan.

where H, = significant wave height and N = number of observations.

H; ratios from the intensive two-month period vary from 0.99 to 0.50 and show the
sheltering effect of the offshore islands and port breakwaters, plus the influence of the
bathymetry on wave heights (Fig. 2.8). These averaged values represent the generalised
spatial variation in wave height, and we note significant influence from other factors
such as tide level, wave direction, wave period, and wind vector. Wave transformations
from offshore to nearshore are dominated by refraction and seabed friction (as

previously noted by McComb et al., 1997).

The data show a nearshore circulation system, with multiple wave and wind-driven
components and influence from larger-scale regional flows. We consider results from a
13-day period, which yielded the maximum co-incidental measurements (including

SSC).

Using the MATLAB routine TSERIES (Gorman, 1997) and supporting software, mean
currents were extracted from the burst measurements. A weighted current was
calculated using the method applied by Phillips e al. (1999) to indicate the direction of
suspended sediment flux. With the methodology of Black & Rosenberg (1991), a near-
bed reference concentration (C,) was calculated from the measured wave orbital

motions and used to define the weighted current (U,) as;
U, ==L Eqn. 2-6
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where U; = burst-averaged current, / is the burst number and N = number of 9-18

minute bursts.

The offshore (Fig. 2.2, L1) wave climate over this period is shown in Figure 2.9, with
burst-averaged and weighted (Eqn. 2.6) currents given in Table 2.1. The direction of the
weighted current, which indicates net sediment flux, is directed predominantly northeast
at sites S1, S3 and S4. The weighted current at L2, however, is directed offshore to the
north-north-west. This indicates a bottom current directed away from the coast, perhaps

in response to local bathymetry, which exhibits a gradient in a similar direction.
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Figure 2.8: Site-averaged nearshore/offshore wave height ratios from a 2-month period.
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Figure 2.9: 13-day time-series plot of wave height (dashed) and wave direction from site L1.

2.5.5 Suspended sediments

Time-averaged concentrations of suspended sediment (C.) at the 0.5 m level were as
high as 0.18 kg.m™ with an average value of 0.039 kg.m™. Linear regression analysis of
concentrations at 0.5, 1.0 and 1.5 m elevations shows good agreement with the profile
using Eqn. 2-4 (mean R’ correlation = 0.9). Averaged C, values and mixing lengths (/;)
obtained from the regression analysis using data from a 13-day deployment (Fig. 2.9)

are given in Table 2.2.

When classified according to the seabed substrate, C, values at 0.5 m elevation from
rocky sites are markedly less than those from sandy sites. At 1.0 m elevation, however,
C; values are very similar at sandy and rocky sites. The most extreme case of isolated
rocky sites, defined as being further than 300 m from a contiguous sand body, show
similar patterns, although C; at both 0.5 and 1.0 m are lower than at rocky and sandy
sites. The length scales of turbulence (/) are greater on rocky substrates than sandy but
approximately equivalent on rocky and remote rocky sites (Table 2.2). Further analysis

showed that the substrate type (i.e. rocky or sandy) influences C; values at 0.5 m

47



Chapter 2: Field experiments

elevation more than either the wave exposure or the water depth. SSC data from each

trap deployment period is tabled in Appendix 5.

Table 2.1: Mean and weighted currents from a 13-day period.

Mean current Weighted current
Site Speed Direction Speed Direction
(cmsj (degrees) (cms™) (degrees)
L2 1.7 323 3.54 340
S1 6.26 77 18.56 67
S3 4.25 52 11.54 30
S4 1.92 356 2.37 50

Table 2.2: Averaged C. values (z = 0.5, 1.0) and mixing lengths (m) from a 13-day period, classified by
substrate.

Substrate Coosm | Coiom | s
(kg.m™) | (kg.m™) | (m)
sandy sites 0.098 0.018 |0.36
rocky sites 0.052 0.019 [0.53
isolated rocky sites 0.021 0.014 |0.49

2.6 Discussion

Careful planning of the deployments enabled us to meet the challenges of data
collection in a high-energy nearshore coastal environment, and achieve a high-level of
data recovery. The various techniques employed have yielded several lines of evidence,

which give consistent results.

Empirical data from the trial nearshore placement clearly shows a sediment flux from
the site. The mound was observed to erode in a spatially uniform manner with no
evidence of localised scouring, and the adjacent rocky regions were not inundated with
sand. This is an important observation with respect to the potential effects on the marine
ecology. If the material was shown to migrate as a contiguous body, then deleterious
effects on the benthic habitat along the migration path may occur. It also indicates the

sediment is primarily being transported in suspension.

48



Chapter 2: Field experiments

Measured waves and currents show considerable variability over the two-month
intensive period. The range of measured events was sufficient to allow the
parameterisation of the circulation patterns, based on the variables of wind, tide, and
offshore waves and currents. The observed variability stems from the open-coast nature
of the site and the complexity in seabed contours, and highlights the need for field
measurements with adequate temporal and spatial coverage. Data from a 13-day period
indicates an easterly nearshore sediment flux, in concurrence with the observed tracer

movement.

The stability of sand and rock facies over time indicates a long-term seabed sedimentary
equilibrium. A large contiguous region of sand (surrounding the harbour entrance) is
seen to grade into reef approximately along the 10 m depth contour (Fig. 2.7). Patches
of sand within the predominantly rocky region (to the east of the harbour) reflect the
seabed bathymetry, in that they are associated with seabed depressions or on the western
side of raised features. This possibly indicates the seabed topography influences the

sediment transport, and raised features present an obstacle for sediments in transit.

Sediment trap data shows that suspended sediment is present over rocky seabeds, in
quantities that are equivalent to those over sandy beds at 1.0 m elevations and above,
with lesser amounts at the lower 0.5 m level. Diver observations indicate that the rocky
reefs frequently have small quantities of interstitial sandy sediments. In wave-
dominated environments, the sediment entrainment process is driven by wave orbital
velocities, where the local substrate is the source of sediments (Antsyferov & Kos’yan
1990). Accordingly, it is likely the measured concentrations at the 0.5 m level over
rocks simply reflects a limitation in the source material for sediment entrainment,

relative to the sandy beds where there is no such limitation.

Nielsen (1992) discusses sediment suspension in terms of convective and diffusive
mechanisms, and relates the relative dominance of these two mechanisms to the mixing
length and the overall vertical scale of suspension. We consider these mechanisms with
the observed equivalence of SSC at the upper (>1.0 m) elevations at sandy and rocky
sites. If the calculated /, values appropriately reflect the length scales of turbulence in
the water column, then the higher /; values obtained over rocks may indicate turbulence
from the interaction of wave orbital motions with the “rough” rocky bed. This may
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result in the convective suspension of material higher in the water column (compared to
the relatively smooth sandy bed) and possibly account for the difference in sandy and
rocky SSC profiles. Previous studies (e.g. Flint 1998, Black & Rosenberg 1991)
however, indicate that mixing lengths outside of the breakpoint are typically less than
0.1 m, while the values obtained in this study are of the order generally found within the

breakpoint.

Alternatively, the SSC profiles may be considered on a somewhat larger spatial scale,
where the “source/sink” boundary condition (described by Black, 1994) may be
applicable. The source of material collected by a given trap may not necessarily be
proximate to that site. Given water depths of 4-12 m at the measurement sites, there is
ample scope for sediment diffusion to upper levels. Subsequent transport of this
material by the coastal circulation system may give rise to a ‘background’ level of
suspended material, which is reflected in the time-average data. The field measurements
show some confirmation of this, and we note a systematic decay in the upper level SSC

with longshore (easterly) distance from large sand bodies.

An important application of the numerical modelling component of the study is the
reconciliation of time-averaged SSC measurements with the burst time-series wave and
current data. While the hydraulic “roughness” of the seabed will undoubtedly influence
the SSC (e.g. Green et al, 1998), field measurements relating turbulence to bed
roughness under wave conditions are rare (Nelson, 1996). Further work will consider
these observations through the incorporation of the sedimentary facies and an index of

bed roughness (derived from the side-scan data) in the numerical simulations.

2.7 Conclusions

Field experiments were designed and implemented to investigate the coastal and
sediment dynamics at New Plymouth, New Zealand. For a period of one year, data were
collected using a wide range of measurement techniques including sediment tracing,
multiple simultaneous instrument deployments, seabed surveys, and the monitoring of a
trial nearshore placement of dredged sand. Results of the field data have been presented

to illustrate the broad dynamics of the region.
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The nearshore wave climate is dominated by refraction and seabed friction, and the
open-coast nature of the site results in variable circulation patterns. Both the sediment
tracer and current meter data indicate a net easterly sediment flux, and sediment
bypassing of the harbour entrance is shown to occur. Erosion of sand from a nearshore
placement was observed to be spatially uniform and adjacent rocky areas did not
become inundated with sand. The multiple side-scan surveys indicate that the sandy
patches within and between the reefs are long-lived and remain positionally stable.
Measured SSC profiles are seen to be influenced by the substrate type and proximity to
large sand bodies. Thus, while locally impacted by the port, the measurements show the
system as having high suspended loads in a sand/rock region which has reached

sedimentary equilibrium.

The results have also demonstrated the importance of considering spatial and temporal
variability in field data collection to ensure adequate representation of the physical

processes within the study region.
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3 MEASURING DIRECTIONAL WAVE SPECTRA USING THE 3D-
ACM WAVE ON FIXED AND TAUT-WIRE MOORINGS

3.1  Context of the paper within the thesis

Measuring the directional wave spectra was an important component of the field data
collection, and for the second experimental programme (described in Chapter 2) two
3D-ACM WAVE meters were acquired for this purpose. As these were only recently
developed instruments, it was prudent to investigate their performance in the ocean. An
initial comparison between one of the 3D-ACM WAVE meters and an InterOcean S4
electromagnetic p, u, v meter indicated good correlation for a rigid seabed mooring
system (Kun er al., 1999). However, analysis of the data from a taut-wire mooring
system indicated a phase difference between the measured pressure and velocity values.
Subsequent investigations led to the development of this paper, which details the effect
of mooring motion on wave data, and provides a method for minimising the errors in

resolving the directional spectra. This paper has been peer-reviewed and published as:

McComb, P., Gorman, R., Black K. and Kun, A., 2001. Measuring directional wave
spectra using the 3D-ACM WAVE on fixed and taut-wire moorings. Journal of Oceanic
Engineering, 26 (2), 171-180.
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3.2 Abstract

Field data were analysed from a simultaneous deployment of two 3D-ACM WAVE
instruments; one on a fixed seabed frame in the nearshore zone, and the other further
offshore on a taut-wire mooring. An inter-comparison of measurements of vertical and
horizontal wave-orbital currents with pressures was used to evaluate the velocity sensor
response under field conditions. Results using the fixed frame have validated the
measured horizontal wave-orbital velocities, but found the vertical velocities to be less
coherent with the pressure time-series. The influence of the instrument mooring system
on the velocity measurements was investigated. The oscillation of the taut-wire mooring
was found to influence the magnitude of the measured horizontal wave-orbital velocities
and induce a phase lag between velocity and sea-surface elevation. Examination of
other data from similar taut-wire moorings indicates a systematic relationship between
the length of the mooring cable and the measured phase lag, consistent with the
behaviour of the mooring system considered as a forced, linearly-damped oscillator. A
comparison was made between the spectra of wave direction derived from both velocity
and pressure data with that derived solely from velocity data. The results show a high
coherence for the fixed mooring, but significant directional variability in the higher
frequencies (>0.13 Hz) on the taut-wire mooring we employed, which we attribute to
the mooring oscillation. The analysis further indicates that on taut-wire moorings, the
spectra of wave direction should be resolved solely from velocity data. Using these
findings, directional wave spectra were produced for the nearshore and offshore sites
from 233 coincident events over a two-month period, and these data are presented in a

time-averaged spectral format.
33 Introduction

Surface gravity waves in the ocean exhibit an energy spectrum distributed in both
frequency and propagation direction, and the resolution of this spectrum is often an
important requirement for engineering and scientific studies. Several techniques are
available to collect data from which wave directional spectra may be derived. These
typically involve the recording of either wave-orbital velocities, sea-surface elevations
in a spatially-distributed array, or multiple degrees of freedom of motion of a wave

buoy, (e.g. Paniker & Borgman, 1970; Earle & Bishop, 1984; Huang & Chen, 1998;

53



Chapter 3: Measuring directional wave spectra

Dickey et al., 1998; Terray et al., 1999). In this study, we investigate directional wave
data collection using a recently developed instrument, the 3D-ACM WAVE. This
instrument combines a high-accuracy pressure sensor with acoustic velocity sensors for

the recording of time-series pressure (p) and orthogonal (u, v, w) velocity.

Deriving directional wave spectra from p, u, v data involves the cross-spectral analysis
of sea-surface elevations with the directional components of wave-orbital motion — and
confidence in the resolved spectra is dependent on the quality of the recorded data. The
use of a pressure sensor to measure the time-series of sea-surface elevations is a well-
proven technique (e.g. Corson et al., 1997). Similarly, the response of the acoustic
velocity sensors used in the 3D-ACM WAVE has been tested in numerous tow-tank
experiments (FSI, 1998), providing an effective sensor calibration under constant flow
states. Such conditions do not, however, represent the non-steady 3-dimensional nature
of fluid flow in the ocean. Furthermore, field data collection requires a mooring system,
which may have an influence on the sensor data (e.g. Halpern & Pillsbury, 1976; Zenk"
et al., 1980; Chhabra, 1985; Hamilton & Fowler, 1997; Hamilton et al., 1997).

The sub-surface collection of p, u, v wave data usually employs either a taut-wire
mooring or a seabed frame to mount the instrument. While the latter provides a fixed
platform, its use is limited to shallow waters (i.e. < 20 m) and often requires SCUBA
diver intervention. The taut-wire mooring can be used over a wider depth range,
allowing the instrument to be appropriately positioned within the water column for
optimum data collection. This type of mooring, however, is affected by currents, and
often exhibits an oscillatory motion in response to wave-orbital curr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>