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The ebb delta and adjacent beaches at a mixed energy (tide dominated) inlet were monitored to identify the influence
of the inlet/ebb-delta system on erosion and accretion of the adjacent beaches. Sub-aerial beach profile data were collected
at 25 locations at monthly intervals over four years. Beach excursion distances and volumes, dispersion diagrams. prin-
cipal components analysis. and time-series correlations with wave parameters were used to extract the magnitudes. time
scales, and causes of the beach changes. The divergence induced in the regional longshore transport regime by wave
refraction over the ebb delta was also investigated. Changes on the adjacent beaches. beyond the wave shadow of the
ebb delta and more than 3-4 km from the inlet centreline, were dominated by a quasi-annual signal which reflected
cross-shore sand transport forced by storm waves. Lesser changes were linked with longshore transport, which reversed
its prevailing direction at inter-annual time scales. The longshore transport caused sand oscillation between the small
headlands bounding the western beach, sand inputs to the inlet/ebb-delta system from the beaches either side. and a
standing pattern of erosion and accretion about the inlet due to refraction-induced transport divergence. Immediately
behind the ebb delta the quasi-annual storm-wave signal was either small or non-discernible against much larger, multi-
year changes. The multi-year changes correlated with the longshore transport potential and were interpreted as being
associated with scouring by the marginal flood-tidal flows, accretion of sand bars migrating shoreward from the ebb
delta platform and flanks, and longshore transport divergence. Most of these changes appeared to be the on-shore
signature of part of a cycle of sand circulation between the beaches and the ebb delta bars.

ADDITIONAL INDEX WORDS: Beach erosion, ebb tidal delta, tidal inlet, beach profiles, dispersion diagrams. prin-
cipal components analvsis, longshore transport, transport divergence, fall speed parameter, Southern Oscillation Index.
coastal hazards.

Past studies have shown that the ebb-delta/inlet influence
on beaches either immediately behind the ebb delta or adja-

beaches adjacent to their inlets (see FITzGERALD, 1988, and
FrNsTER and DoLAN, 1996, for reviews). A thorough under-
standing and quantification of this influence is required when
assessing coastal erosion hazards in the vicinity of tidal in-
lets. Key questions are: (i) “what is the magnitude of the
beach changes; (ii) how do these changes vary alongshore
away from the inlet; (iii) what time scales are represented in
the various patterns of beach change; and (iv) what processes
are causing the changes and what are the main forcing func-
tions™ When defining erosion hazard zones on the basis of
surveyed historical changes in shoreline position or shore
sand volumes, the monitoring frequencies in space and time

should match the actual temporal and alongshore scales of

beach change, while any attempt to model the erosion hazard
requires that the effects of the various processes be identified
and separated.
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cent to it is exerted through various processes. These include
wave sheltering by the ebb tidal body (FiTzZGERALD et al.,
1979), wave refraction effects which can cause littoral drift
to be locally trapped on the downdrift side of the ebb delta
(HAvEs and KANA, 1976), littoral drift bypassing effects, and
temporary or permanent trapping of beach sand on the deltas
(Frrzaerand and Haves, 1980; FirzcgErALD, 1984). Most of
this work has been focused on descriptions and conceptual
models for the various processes involved.

Characteristic time and spatial scales of change associated
with various processes have been reported. The work of Fitz-
GERALD and associates on mixed energy shores (e.g.. Fr1z-
GERALD and HAYES, 1980; FirzcERALD, 1988) has shown 3-
10 year erosion and accretion cycles associated with the
growth of sand bar complexes on the ebb delta platform. the
shoreward migration of these bars, and their eventual weld-
ing onto the adjacent beach. Irrespective of whether the inlet
bypasses significant volumes of sand alongshore or simply
circulates sand around the ebb-delta/inlet system in a closed
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loop, this sand transfer occurs mainly in packets, with sand
accretion on the adjacent beach and/or releases alongshore
being limited by the rate at which bar complexes can migrate
landward off the ebb delta. The time scale of these cycles
tends to be shorter at smaller inlets, which have smaller ebb
deltas (WALTON and Abams, 1976; Hicks and HumE, 1996).
Similarly, the length of shore affected increases as the ebb
delta size increases. The migrating bars also extend further
alongshore when the main ebb channel is inclined at a lower
angle to the gross shoreline trend. Migrating bar complexes
ranging in length from 300 m to several km and inducing
shoreline erosion/accretion shifts of tens to over 100 m have
been described (e.g., FitzGERALD and NUMMEDAL, 1983;
FrrzGceraLD, 1984; SMITH and FITZGERALD, 1994). Larger
scale shore erosion/accretion cycles spanning periods of 7-40
years occur also. These are governed by the orientation of the
main ebb channel, which cyclically flips to either side of the
shore-normal. Shoreline shifts of 300-400 m and extending
several km alongshore have resulted (eg., FITZGERALD,
1984).

Most recently, FENSTER and DoLAN (1996) determined, by
examining the rate of change of shoreline position over a 40
year time span, that on mixed-energy, tide-dominated coasts
inlet effects dominated shoreline change within 4.3 km of the
inlet and influenced the coast for up to 6.8 km on the updrift
side of the inlet and 5.4 km on the downdrift side. On wave
dominated coasts they found that the scale of dominance was

" the same, but that the total span of influence extended up to
13 km on the downdrift side of the inlet.

A key finding from this past work is that tidal delta-inlet
systems disrupt the longshore continuity of the littoral drift
stream by bypassing sand in discontinuous packets. Thus
when the ebb delta is accumulating sand, which may occur
over several years, the downdrift shore must erode to make
up the sand supply deficit and an erosion ‘wave’ may be ini-
tiated. When the delta releases sand, as when bars weld to
the shore, a migrating sand ‘slug’ is initiated (e.g., BRUUN,
1954; DoLaN, 1970). Such perturbations potentially induce
erosion/accretion cycles well alongshore from the inlet but,
because they probably occur over multi-year time scales and
their magnitudes attenuate alongshore, they may be difficult
to detect against the larger amplitude, more frequent storm-
induced changes that characterise beaches far from the inlet.

In this paper, we investigate patterns of beach change over
a four year period along 25 km of shore centred on a natural,
mixed-energy, tide-dominated inlet with a large ebb delta.
Our aims are to isolate the magnitudes, spatial patterns,
characteristic time scales, and causes of the main erosion and
accretion signals, both within the shadow of the ebb delta and
further alongshore. A companion paper (HUME et al., in prep-
aration) describes the morphodynamics of the ebb delta in
greater detail.

PHYSICAL SETTING

Katikati Inlet is located in the western Bay of Plenty on
New Zealand's North Island (Figure 1). It forms the northern
entrance to Tauranga Harbour, a large (~ 200 km?) meso-
tidal estuarine lagoon which is separated from the sea by the

24 km long mainly Holocene sand barrier of Matakana Island
(MUNRO, 1994). The 80 km? of the lagoon that Katikati inlet
drains has extensive intertidal areas. The spring tidal prism
is 95 X 10 m* and is dominated by tidal flows (Hicks and
HuME, 1996). It is a natural inlet, without artificial struc-
tures, dredging, or sand extraction. A rock headland on the
northern shore provides positional stability to the inlet, a sit-
uation typical of tidal inlets on this part of the New Zealand
coast (HUME and HERDENDORF, 1992). The inlet has only a
small active flood-tide delta capping an older shoal (DAvis et
al., in preparation). The ebb tidal delta is an order of mag-
nitude larger, extending offshore for about 3 km to 20 m
depth, spanning 6 km alongshore, and storing some 30 X 10¢
m* of sand (Hicks and HuME, 1996).

Morphologically, the Katikati ebb delta consists of a tri-
angular-shaped, largely subtidal swash platform, offset
slightly to the south-east of the inlet (Figure 2). The main
ebb tidal channel crosses this platform, first at a southerly
inclined angle to the general shore-normal direction because
of the rock controls on the ebb jet through the inlet throat,
then it re-curves northward to be more shore-normal towards
the outer margin of the delta. The inner channel has well
defined linear bars along its margin, while the outer channel
terminates in a depositional lobe. Marginal flood-tide chan-
nels feed into the inlet from both sides between the delta
platform and the adjacent shore. Wave-built linear bars front
the northern side of the platform, merging near the shore
with bars that are sub-parallel to Waihi Beach. On the south-
east side of the platform, linear bars lie sub-parallel to the
inlet shore, while the platform front often contains large tran-
sitory arcuate bars. These linear and arcuate bars periodi-
cally weld onto the cuspate foreland that marks the southern
entrance to the inlet. The morphodynamics of the ebb delta
and sand transport pathways are detailed by HUME et al. (in
preparation). The delta is composed of fine sand, slightly fin-
er in texture and similar in composition to that on the adja-
cent beaches.

Waihi Beach, on the north-west side of the inlet, extends 8
km between the Katikati headland and the beginning of a
rocky cliffed shore at Waihi. Historically, its average shore-
line position appears to have changed little since the first
cadastral plans were surveyed in 1870 (R.K. SmITH, personal
communication; GiBB, 1994), although short-term shoreline
fluctuations up to 70 m wide have been observed (HARRAY,
1976). Tt comprises fine to medium sand but with the sand
close to the ebb delta being noticeably coarser than elsewhere
on the beach.

Matakana Island, the barrier island on the south-east side
of the inlet, has a notable cuspate foreland or ‘humpback’
opposite the south-eastern margin of the ebb delta, resulting
in the ‘drumstick’ plan view that is typical of barrier inlet
systems (HAYES and Kana, 1976). Historically, the Matak-
ana Island open-coast shoreline has experienced short-term
fluctuations of 20-30 m but little net change (GiBB, 1994).
Close to the inlet, between the humpback and the inlet
throat, the Matakana shore has experienced severe spates of
erosion and accretion, with migrations up to 300 m over pe-
riods of 3-5 years.

In the western Bay of Plenty, the astronomical tides are
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Figure 1. Map showing Katikati Inlet and ebb tidal delta, Waihi and Matakana Island Beaches, beach profiles (W and M numbers), nearshore bathym-

etry, and wave buoy location.

semidiurnal and the mean neap and mean spring tidal ranges
for the open coast are 1.26 and 1.64 m respectively. Sea-level
set-ups associated with storm surges range up to 700 mm,
while the barometric effect causes local sea level to change
by between —4 and —10 mm.hPa~' (BELL and GORING,
1996).

Nearshore currents (5-10 m water depth) on the open coast
are dominantly shore parallel, with speeds ranging from 0-
0.30 ms™! and a median speed of around 0.05-0.07 ms '
(WrLriams and BELL, 1991; HUME et al., in preparation). The
tidal constituents account for about 25% of the variation in
the current records in the longshore direction. Significant
wave heights over the four year study period were less than

1 m for 70% of the time, averaging 0.8 m and peaking at 4.7
m (MACKY et al., 1995). Significant wave periods averaged 6
seconds, while most of the wave energy was found at periods
between 7 and 13 seconds and arrived from the northeast-
easterly sector, which straddles the regional shore-normal di-
rection. The long-term net littoral drift on the Bay of Plenty
coast appears to be generally towards the southeast but, at
least in the western part of the Bay, is small compared to the
gross drift (EwarT, 1961; GiBB, 1977; HARRAY and HEALEY,
1978; MACKY et al., 1995).

The wave and tidal regime at Katikati Inlet classifies the
inlet as “mixed energy, tide-dominated” (HAYES, 1979; NUM-
MEDAL and FISCHER, 1978). The ebb delta also rates a “mixed
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Figure 2. Aerial photograph (1988) of the ebb tidal delta and adjacent beaches. showing the morphological features on the ebb delta and the near field
profile locations.

energy, Group 2" classification in the scheme of GiBEAUT and
DAvis (1993), owing to its arcuate shape. the asymmetry in-
duced by the orientation of the main ebb channel. and the
well-developed landward migrating swash bars on the ebb
delta platform. The ratio of net annual littoral drift to spring
peak tidal discharge is approximately equal to 12 (HUME et
al., in preparation), which suggests, from the scheme of
BruuN (1990), that tidal processes are likely to be the main
means of bypassing and transferring sand around the ebb
delta.

METHODS

General Approach

The study included five tasks: (i) monitoring a network of
profiles along the beaches adjacent to and behind the ebb

delta: (i) extracting patterns of shoreline and sand volume
change from the profile dataset, including identifying the
longshore extent of the inlet effects: (iii) monitoring waves
and sea level; (iv) correlating these forcing functions with the
shore change in order to identify the main processes driving
the shore change; and (v) matching these processes with mor-
phological evidence on and around the ebb delta.

Beach Profile Surveys and Analysis

In October 1990, 25 beach profiles were established along
the 25 km span of the study shore (Figure 1). The profile
spacing increased away from the inlet. All profiles were re-
surveyed at approximately monthly intervals from August
1991 until January 1995. The survey method was a variant

Journal of Coastal Research, Vol. 15, No. 1, 1999



224 Hicks et al.

of EMERY’s (1961) technique, with two 1.6 m poles used to
measure height differences and a tape to measure distances.
The surveys, conducted about the low tide, extended from the
dunes (up to 7.8 m above mean sea level) to below low tide
level (down to 1.2 m below mean sea level). In December
1991, the survey of these beach profiles was combined with
a detailed bathymetric survey of the ebb delta and the near-
shore region off the adjacent beaches (Hicks and HuUME,
1997).

The analysis of the beach profile dataset was based on two
parameters: the sand volume (V) above the MSL datum and
the excursion distance (X) from the landward end of the pro-
file to the MSL contour. These parameters were normalised
(to V¥ and X*) by taking the deviation from the mean values
for each profile over the study period. Thus X* , for survey i
of profile j, was the gain or loss in sand volume above MSL
from the average volume at profile j. V¥ was found to be high-
ly correlated with X*, and so most of the subsequent analysis
focused on explaining the V¥ signal.

Excluding the three profiles in the inlet throat, the spatial
and temporal patterns shown by V¥ and/or X* were extracted
from: (i) the range and variance over the study period at each
site; (ii) the time trends in V* accumulated along several sub-
reaches of the study shore; (iii) dispersion diagrams; and (iv)
principal components analysis.

Four sub-reaches of the open-sea-facing shore were de-
fined, representing the ‘near field’ (in the ‘lee’ of the ebb del-
ta) and ‘far field’ areas of influence of the ebb delta on both
sides of the inlet. Their boundaries were fine-tuned from the
longshore pattern of V¥ and X*. Net sand volume changes in
each sub-reach and along the whole shore were determined
from the changes at the component profiles by integrating
the average change between adjacent profiles multiplied by
their separation distance.

‘Dispersion diagrams’ are useful for visually identifying
temporal and longshore signals in sand volume or other pa-
rameters (e.g., HasHiMOTO and Upa, 1982; Hicks and IN-
MAN, 1987). They are particularly good for identifying sand
wave migrations, which show up as diagonal trends (hence
the term ‘dispersion diagram’). In this study, dispersion dia-
grams were prepared using grids of V¥ and X* constructed at
intervals of 500 m alongshore and 14 days in time using a
linearly-interpolating triangulation algorithm with a X20
weighting assigned to the time values to correct for the ani-
sotrophy induced by the different time and distance scales
(GOLDEN SOFTWARE, 1994). Similar dispersion diagrams
were also prepared for the rate-of-change of volume and MSL
excursion distance, dV/dt and dX/dt, respectively. It was hy-
pothesised that these latter diagrams would better depict the
signature of discrete events (such as coastal storms and ac-
cretion phases) while the X* and V* diagrams would better
depict cumulative trends.

Principal components analysis (PCA), which resolves the
variance structure of a multi-variate data set, is commonly
used to interpret records of cross-shore or longshore beach
change (e.g., WINANT et al., 1975; AUBREY, 1979; DOLAN et
al., 1982; HasimoTo and UbA, 1982; MEDINA et al., 1991).
The approach isolates characteristic, independent modes of
covariance or correlation (normalised covariance) among the

original variables. When used to identify longshore patterns,
each mode has a characteristic ‘loading’ at each site along-
shore and a varying ‘score’ with time. Since the first few prin-
cipal components typically account for 90% or more of the
variance in the original dataset, the technique tends to be
very effective at condensing the original data into a few plots.
PCA was applied to the beach volume (V#) dataset using the
software package STATISTICA (StartsorT, 1991). The anal-
yses were conducted for the whole span of shore and for the
four sub-reaches described previously. Cross-correlation anal-
ysis was used to establish how each principal component
score related to the records of waves and sea level.

While there is some redundancy in the results from tech-
niques (i)-(iv), they are mutually supportive since one meth-
od may provide a ready explanation for features in another.
They all, however, offer unique results. For example, the sim-
ple statistics of X* convey the most information on the mag-
nitudes of shoreline change, the trends in V* within sub-
reaches provide sand budget information, the dispersion di-
agrams highlight wave-like morphological features, while
PCA is the only technique which shows the proportion of the
total shoreline variance associated with individual processes.

Waves and Sea level: The Forcing Functions

Directional wave data were recorded over 17 minutes at
3-hour intervals for a period of four years by an ENDECO
buoy located 8 km seaward of the ebb delta in 34 m water
depth (MACKY et al., 1995). These data were used to compute
a record of the dimensionless ‘fall speed’ parameter, H /wT
(where H_, is the significant wave height in deep water, T is
the wave period, and w is the beach-sand fall speed), which
we used as an indicator of whether the shore should have
been generally eroding or accreting. Essentially, this param-
eter compares the height to which waves disperse sand above
the bed with the distance the sand can fall back down during
a wave period. Net sand transport is expected to be onshore
when this ratio is low, due to the asymmetry of shoaling
waves, and offshore when the ratio is high and waves steeper
(DEAN, 1973). Laboratory and field studies of beach erosion/
accretion under irregular wave conditions (see LARSEN and
Kraus, 1989, for a review) suggest empirically that beaches
should accrete when H_/wT < 3.2 and they should erode
when H_/wT > 3.2 (where it is assumed that for a Rayleigh
distribution of wave heights, H_ equals 1.6 times the mean
wave height).

This empirical criterion is based on the assumption that
the existing beach profile is reasonably close to an equilibri-
um condition (LARSEN and Kraus, 1989). Nevertheless, a
time series of H_/wT is a useful qualitative index of whether
the beaches should have been eroding or accreting over the
study period. A representative fall speed was taken as 0.036
ms ! based on a median (d;,) sand size of 0.28 mm (HicKs
and HUuME, 1996) and equation 4-8 of CERC (1984). When
the wind was offshore and the representative wave condition
at the buoy was offshore (i.e., when there were no waves at
the shore), H /wT was assigned a value of 3.1, which is the
average value for all onshore waves recorded over the 4 years.
This value was assumed to represent conditions when the
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beach was neither accreting or eroding due to cross-shore
transport, and is very close to the ‘neutral’ value of 3.2 pre-
sented by LARSEN and KrRAUS (1989).

Regional longshore transport was estimated assuming a
shore with straight and parallel contours trending 31° West
of North and applying linear wave theory and Snell’s law to
shoal and refract the wave conditions measured at the buoy
shoreward to the breaker zone. The resulting time-series of
breaking wave conditions was combined with the CERC
(1984) ‘wave energy flux factor’ equation to compute the po-
tential longshore transport. The longshore transport rate (Q,,
in m*d ') is ’

Q, = 9596 H_?% sin2a, (1)

where H, is the significant breaker height and «, is the brea-
ker angle.

A more detailed refraction-diffraction study was carried out
to identify the changes in the wave field due to local-scale
bathymetric features, notably the ebb delta, and the conse-
quent effects on the rates and longshore gradients of long-
shore transport. This employed a variation of the numerical
wave refraction model RCPWAVE (EBERSOLE, et al., 1986;
GREEN, 1994) to predict the breaking wave conditions at each
of the ocean-facing beach profile sites. To cover much of the
observed deep water wave climate, waves of 2.0 m significant
wave height with periods ranging from 4.5 s to 10.5 s and
source directions ranging from 15° east of north to 95° east
of north were processed. The rectangular bathymetry-grid
used for the refraction model was generated from the 1991
bathymetric and beach survey datasets (Hicks and HUME,
1997). Wave energy dissipation was ignored in the refraction
model runs.

The potential longshore transport rate at each beach pro-
file site was estimated using the equation of HANSON and
Kraus (1989):

aH,

ax |,

Q, = (H_ *c,),|a,sin 2a — a,cos « (2)

where H_ is the significant wave height, the subscript b de-
notes breaker conditions, « is the breaker angle with respect
to the nearshore contours at the break-point, and c, is the

wave group speed (estimated as (gH_)""). a, and a, are di-
mensionless parameters defined by
K,
a, =

16(p_/p — 1)(1 — p)(1.416)2°

K,
a, = = — (3)
“ 8p/p — 1)x1 — pitan B(1.416)*"

where p/p is the density ratio of sand and water (taken as
2.65), p is the porosity of sand on the seabed (taken as 0.4),
K, and K, are empirical efficiency parameters for the trans-
port that is driven by obliquely incident waves and the long-
shore gradient in wave height, respectively, tanp is the av-
erage slope across the longshore transport zone, and the fac-
tors involving 1.416 are to convert from significant wave
height to root-mean-square wave height. K, was taken to be
0.77, as originally determined by KoMAR and INMAN (1970).
K, was assumed to be 0.38, equal to half of K, as is often

assumed as a starting point with numerical shoreline mod-
elling (e.g. GRAVENS et al., 1991). Tanf was estimated from
empirical relationships given by HANsoN and Kraus (1989)
which relate tanf to the deep-water wave height and steep-
ness and the median beach sand size. Equation (2) includes
a term for the effect of a longshore gradient in wave height.
This term may become significant where the nearshore to-
pography changes sharply, as around an ebb delta, or where
bathymetric irregularities induce wave focusing.

The longshore gradient in longshore transport was deter-
mined by differencing the transport rate between adjacent
beach profile sites. The divergence patterns generated were
used to identify the wave conditions when longshore trans-
port was stalled by the ebb delta, and to help explain the
longshore loadings of the principal components.

A permanent open-coast sea-level recording station, located
25 km south-east from Katikati Inlet at Moturiki Island off
Tauranga Inlet (Figure 1), provided a 15-minute digital rec-
ord of sea level through the study period (GORING and BELL,
1996). A 28-day running-mean sea level was extracted from
this record for comparison with the beach changes.

Ebb Delta and Shore Morphology

The morphology of the study shore and the shallower parts
of the ebb tidal delta were monitored over the study period
through a combination of ground and air photographs and
visual observations. The migrations of bars, erosion ‘holes’,
and tidal channels were traced to derive a conceptual appre-
ciation of the processes responsible for sand gains and losses.

RESULTS
Morphologic Change

The observed changes in morphology on the far field beach-
es over the study period were typical of open-coast beaches
responding to wave events. A small progressive sand loss was
observed on Matakana Island. More noticeable changes oc-
curred on the near field beaches. Within the inlet throat,
Cave Bay and the tip of Matakana Island spit (sites W1 and
M1 on Figure 2) tended to accrete in unison at the same time
as the nearby ocean-facing beaches (W2 and M2) eroded. This
change was observed after periods of high energy easterly
waves. We infer that these waves swept sand into the inlet,
some of it being caught on the throat beaches and some being
injected into the main tidal channel.

At the eastern, near field end of Waihi Beach (profiles
W2-W5 on Figure 2), an erosion trough was seen to migrate
westward during the study period while an accretionary
pulse began at W2 in 1994. The trough related mainly to the
position of the western marginal flood tide channel, which
was forced to move by a sand bar migrating shoreward from
off the western margin of the ebb delta. Accretion followed
when the flood channel jumped seaward and the bar welded
to the beach. The erosion trough was also affected for a time
by wave focusing through a gap in the offshore bars (Figure
3). In similar fashion, a trough migrating along the Matak-
ana near field beach (profiles M5-M2), followed by accretion,
related to the scouring action of the eastern flood channel,
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Figure 3. Erosion hole on Waihi shore between W2 and W3 showing wave focusing through a gap in the inner offshore bar (13 July 1991).

which was forced against this shore for a time by sand bars
migrating shoreward from the eastern ebb delta platform
(Figure 4). The accretion phase began when the bars welded
onto the cuspate foreland (at M5).

Morphologic changes on the Katikati ebb delta through the
study period are detailed in a companion paper (HUME et al.,
in preparation).

Waves and Sea level: Patterns and Correlation’s
Among the Forcing Functions

Time-series of wave height, fall speed parameter, potential
longshore transport rate, and accumulated net potential long-
shore transport are plotted in Figure 5 along with the 28-day
mean sea-level record. Figure 5a shows no clear regularity or
seasonality in the occurrence of storm waves, although
storms often occured in spates with extended relatively calm
periods between (e.g., September 1991 to June 1992). The fall
speed parameter plot (Figure 5b) suggests episodes of erosion
(H./wT highs—corresponding to steep storm waves) and lon-
ger periods of accretion (H,/wT lows—corresponding to
swell).

Figure 5¢ shows that the longshore transport potential var-
ied considerably in magnitude and direction, even from day
to day, with ‘instantaneous’ rates sometimes exceeding
100,000 m?d ! (e.g., on 23 October 1992, when the wave con-

ditions recorded at the wave buoy were H. = 3.9m, T = 74
s, and the angle of approach to the regional shoreline trend
was 25°). This ‘flip-flop’ pattern is primarily related to
changes in the direction of waves, most of which approach
very nearly normal to the shore. Systematic periods of net
drift only become apparent in the record of accumulated long-
shore transport (Figure 5d). This shows something like a
three-year cycle in the net drift, with an extended phase of
net easterly drift (albeit with some temporary reversals) from
May 1991 to October 1992, then generally westward trans-
port until May 1994, then generally eastward transport
again. While the net calculated drift rate over the 4 year
study period was 57,000 m3y ‘! to the west, it is clear from
Figure 5d that this average figure is very dependent on the
time span (e.g., our figure differs from the 70,000 m?3y~! re-
ported by MACKY et al., 1995, whose calculation used the
same formulae but only the first 3 years of the wave record).
For another period, the average could well be in the reverse
direction.

Further caution should be attached to the estimate of av-
erage net drift rate due to its sensitivity to systematic errors
in the breaker angle. An error of a few degrees is possible in
this from the compass setting on the wave buoy and/or in
defining the regionally representative shoreline orientation.
While such errors induce minor uncertainty on the gross
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b

Figure 4. Erosion embayment cut in the Matakana shore by the flood tide marginal channel which is directed at the shore by bars on the delta platform.

drift, the average net drift is a classic example of a small
number with large uncertainty obtained by differencing large
numbers with small uncertainty (i.e., the total drift to east
and west). A sensitivity analysis, which involved systemati-
cally changing the breaker angle by + 1°, 2°) and 5°, induced
respective changes of only approximately = 1%, 2%, and 5%
in the average gross drift (1,290,000 m?®y ') but + 70%, 140%,
and 350% in the average net drift (57,000 m3y ! west). Thus
we conclude that over the four year record period the gross
drift was large relative to the net drift, and any net drift was
of indeterminate direction. The sensitivity analysis showed,
however, that the inter-annual pattern of net drift reversal,
as described above, was not significantly influenced by sys-
tematic changes in the breaker angle—the 3-year cycle still

occurred, albeit with episodes of more intense transport in
the direction to which the bias was applied.

The 28-day average sea level (Figure 5e) varied over a
range of 0.2 m through the study period. While this range
was small relative to the spring tidal range (1.65 m), the sea-
level anomalies lasted typically of the order of 6 months,
which should be an adequate period to initiate some degree
of ‘Bruun-rule’ type shoreline adjustment (BRUUN, 1962).

Auto- and cross-correlation analyses were conducted on
these forcing-function parameters to quantify any regulari-
ties and inter-connections in the signals shown in Figure 5.
Unless specified otherwise, the level of statistical significance
for the correlation coefficient, r, was set at 5%. The auto-
correlation results showed weak but significant annual cycles
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and (f) Southern Oscillation Index (monthly average).

both in sea level (a seasonal sea-level signal in the Bay of
Plenty was also identified by BELL and GORING (1996)) and
the fall speed parameter. Sea level tends to be higher during
the autumn equinox, while the fall speed parameter tends to
be higher in the late winter-spring and lower in summer—
autumn. The maximum cross-correlation between sea level
and fall speed parameter (r = 0.57) was achieved with a lag
of 6-7 months. Thus, on a seasonal basis, the fall speed pa-
rameter (which is essentially an index of the beach erosion
potential of the incident waves) tends to be higher when the
mean sea level is lower—a fortuitous combination for beach
stability along the study shore. Mean sea level in the Bay of
Plenty is well correlated with the Southern Oscillation Index
(SOI—Figure 5f) at a quasi 4-year inter-annual time scale,

with sea level lagging the SOI by some 9 months and being
low when the Southern Oscillation is in its negative, El Nifo,
phase (BELL and GORING, 1996). There-is an indication also
of correlation of both sea level and fall speed parameter with
the SOI for monthly fluctuations (compare Figures 5b and 5e
with 5f), with the fall speed parameter showing a significant
correlation with the SOI (r = —0.56) at a lag of 4 months.
No seasonal signal is evident in the potential longshore
transport signal. However it is possible that the quasi 3-year
cycle suggested in Figure 5d is associated with an inter-an-
nual mechanism such as the Southern Oscillation. There is
an inverse correlation (r= —0.31; significant at 6% level) be-
tween the SOI and net longshore transport at monthly scales,
with transport tending north-westward when the SOI is
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more negative (i.e., towards El Nino conditions, when south-
erly-westerly weather is more prevalent in the mid-latitudes)
and south-eastward when the SOI tends more positive (i.e.,
towards La Nina conditions, when north-easterly weather is
more common). It should be borne in mind that through much
of the four-year study period the SOI was negative (Figure
5f), with the Southern Oscillation in its El Nino mode.

Littoral Drift Divergence

The effects of wave refraction on the longshore gradient in
longshore transport (Figure 6) indicate that the significant
effects of the delta extend between profiles W9 and M9. Out-
side this zone, the predicted transport rates vary relatively
little alongshore. Within this zone, the influence of the ebb
delta varies according to the period and direction of the in-
cident waves. Waves with periods up to 8.5 seconds tend to
result in a consistent longshore transport pattern, with the
refraction becoming greater, and the longshore transport di-
vergence consequently becoming greater, as the period in-
creases. Longer period waves divert from this pattern; ap-
parently, their longer wavelengths are more strongly influ-
enced by the ebb delta morphology. Transport direction re-
versals are common on the eastern, Matakana side of the
inlet but are rare on the western side. For incident waves
arriving from 55° East of North, which is essentially normal
to the regional shoreline trend, the far field transport rates
are close to zero while in the near field the refraction-modi-
fied transport rates are much higher and are directed to-
wards the inlet from both sides (Figure 6b).

For a given wave period, the amplitude of the longshore
gradients in longshore transport and the asymmetry about
the inlet both increase as the incident wave travelling direc-
tion rotates clockwise (Figure 6d). For example, 8.5 s waves
from 15° East of North induce relatively little change from
the far field transport rate on the western wing of the ebb
delta and have a slightly greater effect on the eastern wing.
When the waves are normally incident, arriving from 55°, the
effect is greater on both sides but more on the eastern side.

While the actual longshore transport rates and directions
vary considerably as the incident wave direction changes
(Figure 6d), their longshore gradients, or divergences, main-
tain a remarkably consistent pattern (Figure 6e). This indi-
cates that irrespective of whether the regional longshore
transport is to the west, east, or the waves are normal to the
shore, longshore transport should cause erosion on the ebb
delta margins, accretion closer towards the inlet, and rela-
tively little change on the far field beaches. When the trans-
port is eastward (e.g., direction = 15° on Figure 6d) the delta
margin erosion is associated with a local acceleration in the
eastward transport; when the waves arrive normally (e.g.. di-
rection = 55°) a local transport system is set up that drives
sand towards the inlet from both sides; and when the trans-
port is westward (e.g., direction = 95°) the delta margin ero-
sion is associated with a local acceleration in the westward
transport.

Obviously, such a consistent longshore transport diver-
gence pattern for all wave directions cannot persist without
shoreline perturbations growing unless other processes act to

renourish the delta margin erosion zones and to scour the
deposition zones closer toward the inlet. Later discussion sug-
gests that these processes are landward migrating sand bars
and scouring flood-tidal flows, respectively.

Beach Profile Volumes and Excursion Distances

Variance and Near- and Far Field Definitions

The range and variance of the mean sea level excursion
distances and beach volumes for the ocean-facing profile sites
(Figure 7) show highest variation, particularly in beach
volume, in the lee of the ebb delta, between profiles W4 and
M5 (V# changes up to 275 m’m ' and X* changes up to 165
m). In comparison, in the far field the beach changes were
more uniform and smaller (V¥ up to 70 m*m ' and X* up to
50 m). W4 marks the westward extent of major sand bars on
the Waihi side of the ebb delta (Figure 2). M5 marks the apex
of the cuspate foreland on the Matakana side of the delta,
where sand bars migrating shoreward from the delta tend to
attach to the beach. However, the nearshore morphology
suggests that distinctive inlet-related sand bar activity
extends almost as far west as W5 and as far east as M7
(Figure 2), 2 km and 3 km from the inlet centre-line,
respectively. Thus from the combined evidence of the beach
variance and the nearshore morphology, for the purposes of
the analyses of beach volumes and principal components we
re-defined the near field of the inlet-delta influence as lying
between W5 and M7.

The Pearson correlation coefficients between beach volume,
V# and excursion distance, X*, at each profile ranged from
0.41 to 0.97, averaging 0.74. All of these correlation coefficients
were significant at the 5% level, thus confirming that analysis
could be concentrated on one parameter or the other.

Beach Volumes

Unit beach sand volumes (m*m ') were determined for four
sub-reaches spanning the ocean-facing shore: Waihi far field
(W11-W6); Waihi near field (W5-W2); Matakana near field
(M2-M7); and Matakana far field (M8-M12). The average unit
volume for the entire shore (Figure 8a) showed a quasi-sea-
sonal pattern of sand gains and losses superimposed on a
trend of net sand loss. Sand gains tended to occur in the early
summer and losses in the winter. The volume changes in the
separate sub-reaches (Figure 8b) showed firstly that the
short-term fluctuations in volume were in-phase alongshore,
and secondly that the net overall sand loss was due to sand
losses in the near field sub-reaches, notably on the Matakana
shore. In contrast, the far field sub-reaches experienced little
net sand volume change. The sand losses from the near field
beaches are expected to be matched by sand gains on the ebb
delta and inside the inlet. Certainly, the beach volumes at
Cave Bay on the western shore of the inlet throat (W1) and
on the inside of the Matakana spit (M1) tended to increase
when the nearby ocean-facing beaches (W2 and M2) eroded
(Figure 8c).

Significant correlations were found between the fall speed
parameter (Figure 5b) and sand volume for the whole shore
and for the two far field compartments, indicating the direct
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effects of storm-waves and swell on beach erosion and accre- Dispersion Diagrams

tion, respectively. No such correlation was found for the near

field compartments, indicating that the direct signature of the The patterns shown by the sub-reach volumes become
incident waves on cross-shore transport was masked by other clearer on the V* dispersion diagram, which shows the
processes which are later shown to relate to sand bars mi- changes with time at all of the ocean-facing profiles (Figure
grating from the ebb delta and to shifting flood-tidal channels. 9). This illustrates a marked contrast in the near- and far
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line at each of the open-ocean-facing profile locations over the study period.

field changes, and indeed suggests that the near field might
be better defined extending between profiles W7 and M9. In
the far field, the quasi-seasonal pattern of sand gains and
losses shows up well (as ‘horizontal morphology’). In contrast,
in the near field the predominant features on the dispersion
diagram run ‘vertically’, indicating features that span rela-
tively short distances alongshore but persist in time. These
patterns relate to the development of bars and holes span-
ning alongshore distances of about 500 m to several km and
persisting for several years.

Some of these near field features appear to be fixed in po-
sition, at least over the time scale of the study, which prob-
ably relates to ‘standing’ effects on the waves and currents
imposed by the general geometry of the ebb delta. Indeed,
their position is consistent with the pattern of deposition and
erosion predicted by the longshore-transport divergence anal-
ysis (Figure 6e)—for example, the trough-bar-trough pattern

fixed over profiles M5-M9 and the trough fixed over profiles
W5-WT7 (Figure 9).

Other near field features have migrated, as recorded by
oblique ‘morphology’ on the dispersion diagram. A good ex-
ample is the series of oblique ‘troughs’ and ‘bars’ that lie be-
tween profiles M2 and M8. These ‘slope-up’ to the left on the
diagram, and are the signature of two sand bars and inter-
vening troughs migrating westward towards the inlet. These
features were also tracked by visual observation during the
study period and are associated with the shoreward migra-
tion then welding of bars to the cuspate foreland, which in
turn forced the eastern marginal flood-tide channel to im-
pinge against and scour the shore on the inlet side of the
foreland. The consequent progressive loss of sand along this
shore is clearly shown on Figure 9.

A similarly migrating trough was observed to move along
the beach between W2 and W5 over the study period (its ap-
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pearance on Figure 9 is partly masked by the superimposed
quasi-seasonal changes). This trough was associated with
shoreward migration of a sand bar from the ebb delta, which
forced the western marginal flood channel to migrate shore-
ward and westward, scouring the beach as it migrated. Fig-
ure 9 records this migrating sand bar welding to the beach
in the area of W2 in 1994.

The patterns along Waihi Beach also show the effect of the
inter-annual fluctuation in net longshore transport (Figure
5d), which appears to have induced a migration of sand from

one end of Waihi Beach to the other. This appears on Figure
9 as a trend for erosion at the western end of the beach and
accretion at the eastern end while the regional longshore
transport was eastward (e.g., mid 1991 through to late 1992),
with the reverse trend occurring when the net transport was
westward (1993 through 1994).

The erosion/accretion cycles prevalent in the far field
regions of Figure 9 correlate reasonably well with the fall
speed parameter signal (Figure 5b), confirming that they re-
late to storm-wave/swell driven cross-shore transport.
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The equivalent dispersion diagrams for excursion distance,
X*, and for the rates of change of V¥ and X* lead to the same
interpretations and so are not reproduced here.

Principal Components Analysis

Principal components analyses were conducted on the
beach volume (V*) data for each of the four sub-reaches and
for the whole study shore. The sub-reaches were analysed
separately to ensure that far field signals were not masked
by the larger amplitude near field ones (e.g., see Figure 7).
The longshore ‘loadings’ and ‘scores’ over time for the main
principal components found for each reach of shore are plot-
ted in Figure 10, while the correlations between the scores
and the records of sub-reach volume, longshore transport po-
tential, fall speed parameter, and mean sea level are listed
in Table 1.

The principal components results varied among the sub-
reaches. For the Waihi far field (WFF) sub-reach (profiles
W11-W6), the three largest principal components explained
91% of the V* variance. The first (WFF1, 63% variance) was
in-phase all along the shore (i.e., when one profile gained or
lost volume, all the others did the same) and showed a quasi-
seasonal cycle that correlated significantly with the sub-
reach volume and the fall speed parameter (Table 1, Figure
11a). This function clearly relates to changes on the sub-ae-
rial beach associated with storm-waves and swell.

The second principal component (WFF2, 20% variance)
showed a phase reversal alongshore and an approximately
3-year cycle that correlated very well with the cumulative
longshore transport potential (Figure 11b). The longshore
phase reversal indicates pivoting of sand gains/losses about
a central nodal point. This function thus captures the sand
migration reversals on Waihi Beach driven by inter-annual
variations in the direction of net longshore transport ob-
served in this study. WFF3 (explaining only 8% of the vari-
ance) is possibly the signature of a standing sand wave which
induces subtle fluctuations in Waihi Beach’s planform: dur-
ing storms sand tends to converge alongshore towards the
centre of the beach (straightening the shoreline overall) and
during swell it returns to either end (increasing the shoreline
curvature).

Along the Waihi near field (WNF) sub-reach (profiles
W2-W5), the first three principal components (Figure 10b)
contain 90% of the variance in V*. The loadings of the first
principal component (WNF1, 50% variance) indicate that W2
and W3 respond in opposite phase to W4 and W5, while the
scores show a progressive increase with a superimposed in-
ter-annual variation. This pattern is consistent with the vi-
sual record of a trough migrating slowly westward along this
segment of shore through the study period, followed by the
accretion of a sand bar in the region of W2-W3. The WNF1
scores correlate with the regional cumulative longshore
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Table 1 Coefficients of correlation between principal components and wave forcing parameters and sand volume in sub-reaches. Asterisks mark correlations

that are significant at the p > 0.05 level.

Correlation coefficient with

Principal Reach Fall speed Cumulative 28-day mean
Reach component ‘¢ variance volume parameter longshore transport sea level
Waihi far field 1 64 0.77¢ 0.47+* 0.18 0.15
(W11-W6) 2 19 0.35° 0.01 0.81*% -0.14
3 7 0.03 0.10 0.09 0.18
Waihi near field 1 50 0.38 0.07 0.46% -0.16
(W5-W2) 2 29 QBT 0.43" 0.26 0.04
3 11 0.04 0.11 0.19 0.30
Matakana near field 1 55 0.96¢ 0.23 0.76° 0.38%
(M2-MT7) 2 28 0.07 0.13 0.29 0.03
3 12 0.20 0.06 0.31¢ 0.32
Matakana far ficld 1 H4 0.83" 0.44° 0.57" 0.48°
(M8-M121 2 21 0.21 0.04 0357 0.24
3 15 0.18 0.16 0.46° 0.14
Whole shore 1 37 0.73° 0.40° 0.54" 0.41°
(W11-M12) 2 21 0.06 0.36° 0.69° 0.01
3 13 0.22 0.03 -3 B 0.03

transport signal (Table 1). The sign of this correlation sug-
gests that W4 and W5 tended to accrete and W2 and W3 to
erode when the net regional transport was eastward (and
vice-versa when the transport was westward). This longshore
transport influence may arise from a combination of effects:
wave refraction causing longshore transport divergence (Fig-
ure 6e); an extension of the sand ‘sloshing’” between the two
Waihi Beach headlands; and sand losses into the inlet during
eastward transport conditions.

WNF2 (29% variance) had loadings in-phase alongshore
and showed a quasi-annual cycle which correlated both with
the fall speed parameter and the sub-reach sand volume (Ta-
ble 1). This clearly relates to cross-shore transport effects as-
sociated with storm and swell waves. The notable difference
with the Waihi far field, though, is that in the near field this
cross-shore transport factor is subordinate to other effects.
The near-zero loading of WNF2 at W2, nearest the inlet, sug-
gests that this incident wave signal diminishes progressively
in the lee of the ebb delta. WNF3 (11% variance) may capture
the welding to the beach in 1994 of the sand bar that had
been migrating shoreward from the delta margin.

For the Matakana near field (MNF) sub-reach (profiles
M2-M7), the three largest principal components (Figure 10c¢)
explained 95% of the variance in V*. The first (MNF1, 55%
variance) had loadings in-phase alongshore and showed a
progressive decrease in V¥ with time. This pattern is consis-
tent with the progressive erosion observed to accompany the
migration toward the inlet of a scour hole associated with the
eastern marginal flood-tidal channel, as described earlier.
MNF1 correlated well with the sub-reach sand volume and
with the cumulative regional longshore transport (Figure 11¢
and Table 1). The latter correlation involves a decrease in
beach sand volume associated with westward transport, sug-
gesting that easterly (of normal) waves tended to drive Ma-
takana Beach sand into the inlet entrance from where it was
caught in the tidal flows then recirculated out onto the ebb
delta.

MNF2 (28% variance) had the inlet end of the sub-reach

eroding while the eastern end accreted, and varied over some-
thing like a 2-year time scale. This had no significant corre-
lation with any of the forcing functions, although a significant
correlation with the cumulative longshore transport (r =
—0.63) was achieved after a 6 month lag. This suggests a
signal linked to sand accumulation on swash bars offshore on
the ebb delta platform. The original sand deposition would
be associated with longshore transport events but it would
require of the order of 6 menths for it to translate shoreward
and affect the beach. MNF3 (12% variance), showing another
‘centrally inverted’ loading and an irregular time series, ap-
pears to capture the welding of a sand bar to the cuspate
foreland (in the area of profiles W4 and W5) during 1994.
The MNFS3 scores correlate significantly with the cumulative
longshore transport potential after a 12 month lag. Again,
this suggests that the beach accretion was initiated by an
earlier longshore-transport-linked deposition event on the
delta platform, with a lag period required to translate this
bar form shoreward onto the beach.

A key feature of these Matakana near field principal com-
ponents is that they all involved inter-annual to longer time
scales. None correlated with the seasonal storm-wave/swell
signal. This is consistent with the Matakana near field beach-
es being well protected from waves from the N-NE by the
ebb delta bars.

For the Matakana far field (MFF) sub-reach (profiles
M8-M12), the three largest principal components (Figure
10d) explained 88% of the variance in V¥. The MFF1 (54%
variance) loadings were in-phase alongshore, and the scores
showed a quasi-seasonal fluctuation which correlated with
the sub-reach sand volume and the fall speed parameter (Ta-
ble 1). As at Waihi Beach, this indicates the predominance of
the incident waves. MFF1 also correlated significantly with
the cumulative longshore transport (Table 1), indicating ac-
cretion during episodes of eastward transport and erosion
with westward transport. The latter connection is suggestive
of westerly-directed waves driving sand from the beach into
the inlet. Easterly-directed waves may simply stop this pro-
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Figure 11. Selected principal components time-series (scores) overlaid on various forcing function and beach volume time-series. (a) Waihi Beach far
field first principal component (WFF1) and beach volume with fall speed parameter, (b) Waihi Beach far field second principal component (WFF2) with
net regional longshore transport, (c) Matakana Island near field first principal component (MNF1) and beach volume with net regional longshore transport,
and (d) whole-shore second principal component (WS2) with net regional longshore transport.
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cess. Our wave refraction analysis (Figure 6) suggests that
no significant ‘drumstick’ effect (i.e., whereby transport would
stall on the downdrift side of the ebb delta due to wave re-
fraction effects) occurs this far alongshore with easterly-di-
rected waves.

The MFF2 and MFF3 (21% and 13% of variance, respec-
tively) loadings vary in sign alongshore, showing patterns
suggestive of discontinuous sand bars. The MFF2 scores sug-
gest a 3-4 year cycle and correlate weakly but significantly
with the cumulative longshore transport (Table 1). A much
better correlation with the longshore transport is achieved (r
= —0.72) after a 14 month lag, suggesting that this signal is
associated with the effect of longshore transport on offshore
bars, possibly associated with bar-bypassing around the ebb
delta margin. The correlation of the more irregular MFF3
scores with the longshore transport does not improve notably
after a lag period, suggesting a direct influence of obliquely
incident waves on the beach volume. Possibly, this signal re-
lates to offshore bar effects on wave refraction.

As anticipated, the principal components analysis was less
successful at separating variance in V* along the whole
length of open-ocean-facing shore (the first three components
explained 71% of the variance) due to the weighting effect of
the more closely spaced near field profiles. Nonetheless, the
first whole-shore principal component (WS1, 37% variance)
patterns do suggest something like a 3-4 year cycle of beach
change involving the near field of the ebb delta and the Ma-
takana far field. The WS1 scores correlated well with the rec-
ord of beach volume weighted by profile spacing, but since
they also correlated significantly with all of the forcing func-
tions, the cause of the overall beach volume change is con-
fused. Most likely, the cycle captured by WSI1 reflects the
long-term circulation of sand between the beaches and the
ebb delta. The loadings of WS2 (21% variance) are weighted
to Waihi Beach and M12 on Matakana Island, and its scores
correlate well with the cumulative longshore transport (Fig-
ure 11d) and less so with the fall speed parameter (Table 1).
This appears to represent several far field effects, such as
reversing sand migrations and the quasi-annual storm-wave
influence. WS3 (13% variance) has a loading pattern very
similar to the transport divergence pattern found from the
refraction analysis (Figure 6e), and its scores show a reason-
ably distinct 2-year cycle and correlate only with the cumu-
lative longshore transport. WS3, then, appears to represent
the consequences of the ebb delta’s interruption of the re-
gional longshore transport field. The WS3 loading pattern
suggests that this effect might extend as far west from the
inlet as W9 and as far east as M11—further than suggested
by the refraction analysis.

DISCUSSION
Scales of Coherent or Similar Change

The above results depict clear differences in the spatial and
temporal scales of sand volume and shoreline change on
beaches behind and adjacent to the Katikati ebb delta. The
near field changes are larger and mainly occur over multi-
year time scales, either in phase with (or lagging) inter-an-
nual fluctuations in the direction of net longshore transport

or in association with morphologic change on the ebb delta
bar/channel systems or with bars migrating shoreward off the
delta and welding to the beach. Day to day, storm to storm
beach changes associated with the incident wave conditions
are small compared with these longer-term changes.

This contrasts with the far field situation where the pri-
mary beach changes show storm to seasonal time scales and
are phase-locked to the incident wave conditions. These
changes reflect variations in wave steepness and correspond
to cross-shore sand exchanges between the sub-aerial beach
and offshore bars. Lesser far field changes are linked to inter-
annual variations including sand migration from one end of
a headland-bound beach to another and sand ‘pumping’ from
the beaches into the inlet/ebb-delta system.

The spatial scales of change found in this study are consis-
tent with those reported by FENSTER and DoLAN (1996) from
mixed energy, tide dominated natural inlets on the Virginia
barrier islands. Using rate-of-change of shoreline position to
define the extent of inlet effects on adjacent beaches, they
found that inlet effects dominated shoreline changes up to
4.3 km from the inlet and exerted lesser influence up to 6.8
km updrift and 5.4 km downdrift. At Katikati, inlet domi-
nance, defined in terms of the magnitude of the shoreline
fluctuations (Figure 7), spanned approximately 2 km either
side of the inlet. However, by considering temporal patterns
of change as well (e.g., Figure 9), it is clear that the span of
influence extended for 3-4 km on the eastern (Matakana) side
and 2.5 km on the western (Waihi) side. Since the tidal prism
of Katikati Inlet is 0.95X10% m* while the tidal prisms of
FeNsTER and DoOLAN’s Virginia inlets ranged from 2.6—5.6
X10% m*, and since ebb delta size is proportional to tidal
prism volume to the power of 1.4 (Hicks and HUME, 1996),
we would expect that the linear scales at Katikati inlet would
be approximately (0.95/5.6)' 1 *# = (.44 times the largest re-
ported by FENSTER and DoLAN, which is so. Although our
approach differed from FENSTER and DOLAN’s in that we an-
alysed normalised changes in beach volume and shoreline po-
sition, since the time steps between our surveys were reason-
ably uniform (averaging one month) this is essentially the
same as working with the integral of the rates of change.

Inlet and Ebb Delta Near-field Effects

The tidal inlet and ebb delta system at Katikati affect the
near field shore through a number of processes. These include
wave sheltering, localised wave focusing, scour by flood-tidal
channels, bar migration and welding, and divergence in the
longshore transport due to wave refraction. Over time scales
of several years, these processes produce a superposition of
positionally fixed, migrating, and transient shore features.

Wave Sheltering

The ebb delta, with its broad dissipative platform areas,
marginal bars, and obliquely-inclined rows of linear bars pre-
sents an effective breakwater for the near field beaches with-
in its lee. This sheltering is substantial along the Matakana
shore between the inlet and the cuspate foreland, at least as
regards erosion due to offshore transport. The main direct
effect of incident waves on this shore appears to be easterly
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waves driving sand alongshore towards the inlet throat. A
storm wave signal was recognizable on the Waihi near field
beaches. However, the principal components analysis showed
that this storm wave erosion was subordinate to the effects
of longshore transport and bar/channel migration and that it
diminished towards the inlet, almost disappearing at profile
W2. Locally and for irregular periods, where gaps developed
in the system of offshore bars or wave field distortion oc-
curred over the bar/channel topography of the ebb delta
flanks, more wave energy reached the beach and transient
scour holes developed (e.g., Figure 3).

Generally, at least over the four years of the study, the
broad extent of the wave sheltering effect appeared to be
fixed in space by the shape of the delta. Major changes in the
ebb delta shape made by large rare storms would alter this
pattern of wave protection, thus inducing a long-term cycle
of near field beach change while the ebb delta recovered its
normal shape. HUME et al. (in preparation) describe the Ka-
tikati ebb delta being “flattened against the shore” during
major storms in 1975 and 1982, inducing decadal-scale vari-
ations in the ebb delta shape. FITzGERALD and NUMMEDAL
(1983) described cyclical episodes of bar growth on the ebb
delta at Price Inlet, South Carolina, which led to varying ex-
posure to wave energy and varying beach erosion.

Moving Flood-Tidal Channels, Accreting Bars, and
Sand Circulation

Flood-tidal channels and bars migrating shoreward from
the ebb delta platform were major influences on the near field
beach changes recorded at Katikati. Erosion occurred when
bars on the ebb delta platform forced the flood-tidal flow close
against the beaches. This erosion was maximised on the Ma-
takana side of the inlet during episodes of energetic easterly
waves, when the flood current and the highly obliquely inci-
dent waves combined to scour the beach face and drive sand
towards the inlet throat. Changes in the position, orientation,
and degree of development of the flood channels followed from
changes in the bar patterns, which in turn were linked to the
wave conditions. After a bar migrated shoreward and welded
to the beach, the flood channel tended to reform seaward of
the bar and the beach passed into an accretionary phase.

These near field erosion/accretion cycles are the shoreline
signature of sand circulation cells within the inlet/ebb-delta
system. In these, sand is circulated at intervals from tem-
porary storage on the near field beaches, moving via the flood
channels and the main ebb channel, to storage on bars flank-
ing the ebb channel and around the delta margins. The loop
is closed when the bars migrate shoreward, often as bar com-
plexes, to weld to the near field beach (see Hume et al., in
preparation, for details). This latter stage is the slowest and
appears to be the main control on the time scale of the cycle.
However, the history of wave conditions also matters, since
this determines the modification of bars and bar complexes
and their rate and direction of migration. Large storms,
which can quickly create new bar features and induce shifts
in the main ebb channel, can interrupt or accelerate the cycle.
Also, variations in the wave direction and the prevailing di-
rection of longshore transport (Figure 5d) mean that the sand

circulation cells on either side of the inlet may be indepen-
dent. A conceptual model of sand transport paths around the
Katikati ebb delta under different wave directions is given in
HuUME et al. (in preparation). Similar processes have been
described at mixed energy inlets elsewhere (e.g., FITZGER-
ALD, 1988).

From this study and from inspection of earlier aerial pho-
tographs, the time frame of the Katikati cycles appears to be
typically about 4-5 years. Their longshore extent depends on
the length of bars shed by the ebb delta. During our study
bar accretion occurred at the cuspate foreland, but HUME et
al’s (in preparation) historical record indicates that bars
come onshore up to 3 km further south-east (i.e., as far as
profile M10 on Figure 1).

Longshore Transport Divergence

Our investigation of the divergence induced in the regional
longshore transport field by wave refraction over the sub-
merged ebb delta predicted a divergence pattern that was
remarkably similar for a wide range of incident wave direc-
tions (Figure 6e). This essentially standing effect indicated
deposition very close to the inlet on both sides then erosion
holes extending alongshore for approximately 3 km. The prin-
cipal components analysis suggested that this effect was in-
deed occurring, waxing and waning according to the regional
longshore transport potential, but was partly masked by oth-
er processes such as bar and channel migration. These would
tend to smooth-out the shoreline perturbations that would
otherwise develop from the transport divergence pattern.

Figure 6e shows that the transport divergence effect
spanned some 9-10 km between profiles W10 and M10. This
extends well into what we have defined as the far field, em-
phasizing that the wave field is distorted by the whole area
of submerged ebb delta, not just the shallow platform area
that is easily visible on air photographs (the bathymetric sig-
nature of the Katikati ebb delta extends offshore to about the
20 m isobath and spans some 6-7 km alongshore—Hicks and
Humeg, 1997).

There is no indication on Figure 6e that littoral transport
divergence is the cause of the drumstick shape of the Mata-
kana Island barrier. This appears to be more to do with the
attachment of bars at the cuspate foreland. Possibly when
this foreland is in a more accreted state than it was during
our study (when the bathymetry for the refraction analysis
was surveyed), it would induce a different divergence pattern
involving more extensive sand trapping. At that state, too,
one would expect more bar-bypassing of sand around the del-
ta. During most of our study, the foreland was not particu-
larly accreted and extended periods of easterly waves kept it
so, trimming sand off the foreland and pumping it into the
inlet.

Far Field Effects: Shoreline Pivoting, Littoral Drift
Capture and Bypassing

Although much of the far field beach change was associated
with storm waves and cross-shore sand transport, the long-
shore transport regime also induced change. Different mech-
anisms dominated the longshore transport effect on opposite
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sides of the inlet. On Waihi Beach, the inter-annual reversals
in the net regional longshore transport potential appeared to
induce sand migration between the Waihi and Bowentown
headlands, which caused the Waihi shoreline to subtly pivot
over inter-annual time periods.

On Matakana Island, the far field beach showed a weak
trend of sand loss superimposed on the storm-swell induced
changes. Net sand losses appeared to be associated with ep-
isodes of intense westward transport (compare Figures 5e
and 8b). This westward transport continued through the Ma-
takana near field, being most intense on the inlet side of the
cuspate foreland (Figure 6¢), with the sand eventually being
pumped into the inlet. Once trapped in the inlet, the sand
was routed to the ebb delta and was not immediately avail-
able to be returned to the beaches when the transport direc-
tion reversed. Thus in this respect, at least on a storm by
storm basis, the inlet/delta system functions as a ‘non-return
valve’ for beach sand, and erosion can accumulate on the
beaches for several years before a sand bar eventually mi-
grates onshore from the ebb delta and a sand slug is released
alongshore. Thus by this sand pumping process the inlet/del-
ta system can induce a multi-year pattern on the far field
beach. This effect should extend well alongshore, since, un-
like sand piling up against a headland (which changes the
shoreline orientation and longshore transport efficiency), the
inlet and its strong tidal currents are more than capable of
clearing the sand fed to it by the littoral conveyor belt.

Littoral drift bypassing can also contribute to far field
beach change if the bypassing occurs through a mechanism
that amplifies discontinuities in the supply of sand to the
downdrift beaches. This is more likely where ‘tidal bypassing’
is the main bypassing mechanism, since this essentially
transforms a relatively steady inflow of littoral drift into a
discontinuous supply of sand packets. With this, the down-
drift beach might be expected to experience cycles of erosion
and accretion phase-locked to the bypassing cycle, although
probably damped in size and lagged in time further away
from the inlet. HUME et al. (in preparation) show that Kati-
kati inlet is indeed mainly a ‘tidal bypasser’ (although ‘bar
bypassing’ also tends to occur under northerly wave condi-
tions). However, they class it as a “poor bypasser”, since much
of the sand moving off the delta tends to be recirculated rath-
er than leak alongshore to the downdrift beaches (this is not
surprising given that the net drift at Katikati is essentially
oscillatory over inter-annual time scales). Thus large obvious
shoreline fluctuations associated with bypassed sand slugs
are not expected along the study shore, and we would be un-
likely to observe them over the time scale of our study.

CONCLUSIONS

The main conclusions of this study of a large mixed-energy
ebb delta and its adjacent beaches are:

(1) Changes to sand volume and shoreline position on near
field beaches were 3-4 times larger than on the far field
beaches.

(2) Changes on the far field beaches were dominated by
cross-shore transport associated with alternating storm and
swell episodes that showed a weak quasi-annual cycle. Small-

er far field changes were linked with longshore transport at
inter-annual time scales. The longshore transport was man-
ifest as sand migration reversals between the small head-
lands bounding the western beach and pumping of beach
sand into the inlet/ebb delta system from either side.

(3) On the near field beaches, erosion due to storm waves
was severely damped by the breakwater action of the ebb
delta. The predominant near field beach changes occurred at
multi-year time scales and related mainly to the shoreward
migration of sand bars off the ebb delta and scouring by the
marginal flood-tidal flows as these were deflected and forced
to migrate by sand bar activity on the delta. These changes
were the on-shore signature of a cycle of sand circulation be-
tween the beaches and the ebb delta bars.

(4) Beach sand is regularly pumped into the inlet by tidal
currents and oblique wave thrust but is returned only infre-
quently in packets as sand bars which migrate back to the
beach from the delta. Whether associated simply with a
closed loop of sand circulation or a ‘leaky loop’ that involves
littoral drift bypassing, this transformation of time scale be-
tween the sand inflows and outflows induces multi-year al-
ternations of sand deficit or surplus on the adjacent beaches.

(5) Wave refraction over the submerged ebb delta created
much the same pattern of longshore transport divergence ir-
respective of the incident wave direction. This resulted in a
standing pattern of transport-divergence induced beach ero-
sion and accretion about the inlet. This effect was largest on
the near field beaches, particularly on the eastern side, but
extended several km alongshore beyond the easily visible
margins of the ebb delta.

(6) The contrasting magnitudes, time scales, and causes of
near- and far field beach changes should be heeded when de-
fining coastal-erosion hazard zones along coasts with tidal
inlets. For situations similar to Katikati, several decades of
observation with adequate spatial detail are required to cap-
ture the changes induced in the adjacent beaches by the inlet/
ebb-delta system.
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