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A B S T R A C T

The temporal and spatial variations in shoreline position were analysed at a low-energy beach in southwestern
Australia fronted by an offshore reef to examine the relative contributions of storm events, megacusps and
diurnal sea-breeze cycles to the beach morphologic response. The shoreline position did not exhibit a seasonal
sinusoidal erosion/accretion pattern as often observed at open coast sandy beaches, but instead a dynamic
morphology dominated by storm and recovery cycles that generated fluctuations of ~10m in the shoreline
position. During low swell recovery periods, the beach rapidly developed megacusps (wavelength ~100m,
amplitude ~5m), which despite generating local erosive changes within the megacusps embayments, the beach
still tended to accrete during these low swell conditions. In most cases, the embayments coincided with locations
of rip currents suggesting that rip currents might contribute to the formation of the megacusps. Additionally,
high-frequency measurements collected over a series of diurnal sea-breeze cycles typical of the site during
summer months demonstrated that the erosive impact due to sea breezes was much smaller than that observed
during storms, despite wave heights often being similar during these events. While the beach eroded during
intensification of the diurnal sea-breeze, the beach mostly exhibited net daily accretion due to the low-energy
swell that dominated the wave spectrum during the overnight and morning hours. The formation and alongshore
migration of megacusps during sea-breeze cycles also contributed to beach accretion, overwhelming the erosion
due to the consecutive sea-breezes events after a few days.

1. Introduction

Shoreline variability along sandy coasts is driven by physical pro-
cesses that occur over temporal scales spanning hours to decades and
spatial scales ranging from meters to many kilometres. At high-energy
beaches (e.g. experiencing annual mean wave heights> 2m) seasonal
variations in incident wave energy drive a seasonal cycle that is often
characterized by wide reflective beaches during summer that often
evolve to narrow dissipative beaches with offshore sandbars during
winter (Aubrey, 1979; Wright and Short, 1984; Quartel et al., 2008). On
shorter time-scales (hours, days), shoreline variations can be driven by
individual storm events and post-storm recovery periods but these are
generally smaller relative to the seasonal cycles (Yates et al., 2009;
Hansen and Barnard, 2010; Lageweg et al., 2013). Energetic waves
generated by storms can induce strong cross-shore transport that can
erode a beach in a matter of hours, often moving the sediment offshore
and creating shore-parallel sandbars (Thornton et al., 1996;
Vousdoukas et al., 2012), which have been shown to result from

normally as well as obliquely-incident waves (Price and Ruessink, 2011;
Garnier et al., 2013; Contardo and Symonds, 2015). During post–storm
periods when smaller waves are present, a beach usually accretes and
the sandbars migrate onshore, a process that has been linked to the
asymmetry (Gallagher et al., 1998; Hoefel and Elgar, 2003) and
skewness (Ruessink et al., 2007; Kuriyama, 2012) of near-bed velocities
generated by nonlinear properties of nearshore waves. The recovery
process can be very dynamic at high-energy coasts, with beach mor-
phology transforming from being dominated by alongshore uniform
sandbars to states featuring rhythmic sandbars and rip currents as the
wave energy decreases (Wright and Short, 1984; Ranasinghe et al.,
2004) (Fig. 1a). When rip currents are present, megacusps (alongshore
wave-like undulations in the shoreline) can occur with alongshore
wavelengths ranging from 100m to 1 km (Fig. 1b), approximately
matching the spacing of rip currents (Ranasinghe et al., 2000; Orzech
et al., 2011; Castelle et al., 2015). These megacusps can dominate the
short-term beach response at a given location by generating shoreline
changes of up to tens of meters in the matter of days (Thornton et al.,
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2007; Orzech et al., 2011; Birrien et al., 2013). According to Wright and
Short (1984), the formation of megacusps during decreasing wave-en-
ergy conditions can contribute to the overall beach accretion and sta-
bility of the shoreline, as has been observed at many sites (Ranasinghe
et al., 2004; Lageweg et al., 2013). On the other hand, megacusps
formed during energetic events (such as storms) can generate large
beach erosion, especially at their embayments, which can persist over
several days (Thornton et al., 2007; Orzech et al., 2011; Castelle et al.,
2015). The rate at which the morphology of a beach responds to the
external physical forcing can depend not only on the present conditions
but also on previous experienced conditions; this has supported the idea
that beaches have a “memory” that in turn depends on the local wave
energy exposure (Yates et al., 2009; Davidson et al., 2013; Splinter
et al., 2014). For instance, at high-energy beaches the current beach
morphology can be influenced by the wave climate that occurred over
previous seasonal timescale (~0.5–1 year) (Miller and Dean, 2007;
Hansen and Barnard, 2010; Splinter et al., 2014). In contrast, at low-
energy beaches (e.g. with annual wave height < 1m) the dominant
processes and timescales driving the beach morphodynamics can be
very different. Low-energy beaches tend to occur in sheltered and/or
fetch-limited environments such as within bays, estuaries and in the lee
of islands or submerged reefs (Hegge et al., 1996; Sanderson et al.,
2000; Jackson et al., 2002; Goodfellow and Stephenson, 2005; Freire
et al., 2009). Due to the reduction or absence of incident swell waves,
low-energy beaches can be more sensitive to locally-generated wind
waves such as those produced during strong sea breezes and local
storms (Nordstrom, 1980; Jackson, 1995; Pattiaratchi et al., 1997). It
has been observed that strong sea-breeze cycles can induce rapid
morphological changes that include erosion of the beach face and de-
position on the lower foreshore (Pattiaratchi et al., 1997; Masselink and
Pattiaratchi, 1998a); whereas, episodic storms can generate large ero-
sive changes, followed by much slower recovery periods, which has
been ascribed to the near absence of low swell waves contributing to
onshore sediment transport (Nordstrom, 1980; Nordstrom and Jackson,
2012). Thus, the level of exposure to low ocean swell may determine if
the beach response is dominated by cycles of storm erosion and post-
storm accretion rather than the seasonal cycles typically observed at
some open-coast beaches (Nordstrom, 1980; Nordstrom and Jackson,
2012). However, due to the fewer long-term observations collected at
low-energy sites it is not clear to which extent storms-recovery cycles or
even sea-breeze cycles can dictate shoreline variability at these sites.
Additionally, although rip currents and megacusps can control the

short-term response at high-energy beaches, their effect at low-energy
beaches has not been quantified despite evidence that they can form in
these environments (Aagaard, 1988; Goodfellow and Stephenson,
2005).

Locations along the southwest coast of Western Australia (WA)
provide an excellent case study of the dynamics of low-energy beaches,
where the effects of strong episodic storms, megacusp formation and
sea-breeze cycles can be important in driving the shoreline variability.
Here, a large number of low–energy beaches exist due to the sheltering
provided by extensive chains of limestone reefs and offshore islands
(Hegge et al., 1996) which dissipate up to 40% of incoming swell en-
ergy (Masselink and Pattiaratchi, 2001b). This coast is characterized by
a seasonally-varying swell wave climate coming from the southwest
with larger waves during winter and smaller waves during summer
(Lemm et al., 1999). Additionally the coast experiences strong sea
breezes during summer (with wind speeds often reaching>10m s−1)
from the south-southwest and thus roughly parallel to the coastline
(Masselink and Pattiaratchi, 2001a). During the onset of the sea breeze
(during late-morning to early-afternoon) the wave climate is modified
by increasing short-period wind sea energy and by a veering of the peak
wave direction to a more southerly direction (Masselink and
Pattiaratchi, 2001a; Gunson and Symonds, 2014). These rapid changes
in wave energy and angle of incidence can result in strong alongshore
currents (up to 1m s−1) (Clarke and Eliot, 1983; Pattiaratchi et al.,
1997). The change in wave climate has also been suggested to generate
a daily morphological cycle consisting of beach erosion during the sea
breeze followed by accretion when the sea breeze relaxes (Pattiaratchi
et al., 1997; Masselink and Pattiaratchi, 1998b). On the other hand, the
southwest WA coast experiences a large number of storms that generate
energetic wind seas and swell waves offshore (Lemm et al., 1999) and
also exhibits a large number of beaches with rip currents and therefore
with potential formation of megacusps (Short, 2005). However, the
effect of these processes in driving shoreline changes has not been well-
quantified and compared with those generated by sea-breeze cycles or
by longer-term (i.e. seasonal) processes.

In this study we investigate the seasonal and short-term (hours to
days) response of a low-energy beach in southwestern WA in order to
quantify and compare the different contributions of storm events, post-
storm recovery periods, megacusp dynamics and sea-breeze cycles to
the overall shoreline variability. We use a two-year data set consisting
of Argus coastal images (Lippmann and Holman, 1989) and wave
measurements to analyse the daily and monthly beach response. This

Fig. 1. Examples of beach morphological states at Secret Harbour beach in southwestern Australia. a) September 2013, the beach displays an alongshore uniform
sandbar (located where waves are breaking) and rip currents. b) October 2013, alongshore oscillations at the shoreline known as megacusps of length ~170m. c)
January 2014, the beach features beach cusps with ~30m alongshore spacing.
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data set was augmented by intra-day observations of nearshore waves,
currents and topographic surveys collected during two weeks of strong
sea-breeze events. The high frequency and temporal extension
(~hourly to years) of the morphological and wave observations in
combination with the spatial scale used (~500m) allowed us to assess
the contribution of the different processes to the daily and longer-term
beach response.

2. Study site

Two years of observations were collected at Secret Harbour in
southwestern Australia (Fig. 2a) to investigate the beach morphody-
namics from short (hours to days) to seasonal time-scales. The beach is
oriented 35° anti-clockwise from north and is partly sheltered from
open ocean swell by a mostly continuous offshore reef located ~6 km
from shore with a minimum depth of ~−5m (Fig. 2b). Due to this
sheltering, the annual wave height at Secret Harbour is< 1m and thus
it is classified as a low-energy beach (Hegge et al., 1996). In addition,
Secret Harbour is characterized by a diurnal microtidal regime (mean
tidal range< 0.5m) and by a wave climate consisting of swell waves
(larger in winter) arriving remotely from the Southern Ocean and lo-
cally-generated wind waves due to strong sea breezes predominantly
during summer and due to local storms in winter (Lemm et al., 1999).
These incident waves approach the shoreline of Secret Harbour at an
oblique angle, with swell waves tending to come from the west-south-
west and summer wind seas from south-southwest directions (Gunson
and Symonds, 2014). The beach is composed of fine to medium sand
(D50 ~0.2 mm) (Stul et al., 2007) and the morphology is usually
characterized by the presence of a straight sandbar during summer and
by an alongshore-variable sandbar during winter that is located ap-
proximately 100m offshore throughout the year (Contardo and
Symonds, 2015) (Fig. 1a). Additionally, rhythmic features, such as
beach cusps of length ~30m and megacusps of length 100–200m, are

often present at the shoreline (Fig. 1b–c). During winter, the beach
cusps are generally eroded during storm events; however, they quickly
reappear during low wave conditions, making them a quasi-permanent
feature at Secret Harbour.

3. Field observations and methodology

The morphodynamics of Secret Harbour beach were investigated
using observations collected between 2012 and 2014 that consisted of
in-situ observations of waves and georectified coastal imagery. These
data were augmented by an intensive period of short-term observations
to assess diurnal beach variability during a two-week field experiment
carried out in February 2014 when strong sea breeze cycles re-
presentative of the austral summer period at the site were present. The
intensive experiment included observations of wind, nearshore waves
(14 locations) and currents (4 locations), as well as topographic beach
surveys that were collected every other hour between 8 am and 6 pm for
5 consecutive days and daily for another 5 consecutive days. A de-
scription of the measurements and analysis of these long- and short-
term data sets are summarised below.

3.1. Intra-annual observations: wave and wind measurements and coastal
images

From January 2012 to March 2014 the nearshore wave conditions at
Secret Harbour were measured by a Nortek Acoustic WAve and Current
(AWAC) instrument deployed ~550m offshore in 8m of water
(Fig. 2c). The hourly significant wave height, HS, was derived from the
variance in surface elevations obtained by the acoustic surface tracking
(AST, at 2 Hz during 34min every hour) as =H m4S 0 where m0 is the
zeroth-moment of the spectral energy density smoothed with a 512-
point Hamming window over the frequency band 0.05 Hz–0.4 Hz. Sig-
nificant wave heights were also separately decomposed into swell (HS

Fig. 2. a) Location of Secret Harbour in
southwest Western Australia. b) The beach
is sheltered by an offshore reef with a
minimum depth of ~5m. c) Location of the
Coastal Station with Argus Cameras used for
shoreline detection and an AWAC which
measured incident wave conditions and
water levels, both were operational from
January 2012 to March 2014.
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swell) and wind sea (HS wind) by integrating the energy within the fre-
quency bands 0.05–0.125 Hz (swell) and 0.125–0.25 Hz (wind sea),
respectively. Hourly mean water levels were obtained by calculating
the mean water elevation (over the period Jan 2012–March 2014) and
subtracting it from the acoustic surface tracking recorded by the AWAC.

During the periods of 1 June–20 September 2012 and 1 August–12
December 2013 no data were available from the AWAC. To obtain some
estimate of the wave conditions during these gaps, wave heights ob-
tained by a wave buoy located offshore of Rottnest Island (~50 km
north) and the water level measured by a tide gauge at Fremantle
(~30 km north) were empirically related to those at the study site.
During overlapping periods the wave height observed by the AWAC was
correlated with that measured by the Rottnest buoy (R2= 0.73, with
the significant wave height at the AWAC equivalent to HS,

AWAC=0.28 HS, Rottnest+0.09 m). Similarly, a strong correlation was
found between the water elevation observed by the AWAC and that
measured at Fremantle (R2= 0.95) with a linear relationship giving by:
WlAHD=WlAWAC+0.16 m. Where WlAHD is the water level observed at
the Fremantle tide gauge referenced to the Australian Height Datum
(AHD, defined as the mean sea level during the period 1966–1968) and
WlAWAC is the water level recorded by the AWAC. In addition to waves
and water levels, one-minute averages of wind speed and direction were
recorded by an anemometer installed at an onshore “Coastal Station”
(Fig. 2c) located on top of a dune at ~18m above mean sea level.

Intra-annual beach morphology changes were quantified using data
from georectified video obtained by six Argus cameras (Lippmann and
Holman, 1989) that were installed at Secret Harbour from January
2012 to March 2014. The cameras were deployed atop the Coastal
Station, ~18m above mean sea level (Fig. 2c) and provided a 200
degree view of the beach spanning 1 km alongshore. Each camera col-
lected 10min of video every other hour during daylight from which a
timex (mean) image was produced and georectified (Holland et al.,
1997). The georectified images from all six cameras were merged and
transformed into a reference system in which the origin was the Coastal
Station and the axes corresponded to the cross-shore and alongshore
directions respectively (x, negative offshore and y, positive in the
northerly direction alongshore, Fig. 3a). The images extended from
y=−600m to y=400m; however due to diminishing resolution at
the alongshore extremes of the images, our analysis focuses on data
collected between y=−500m to y=300m (Fig. 3a). In total, the
cameras collected almost 3000 hourly timex images between January
2012 and March 2014. However, approximately one-third of the images
were not used due to the failure of one or more cameras or poor image
quality. For the remaining images (2000 in total during 603 different
days) the shoreline position was extracted by detecting the maximum
gradient between the red and blue layers of the images (Fig. 3b).

In order to assess the shoreline changes through time, independent
of the tides, a modified dataset of shorelines referenced to approxi-
mately the same elevation (mean sea level) was generated. This pro-
cedure started by reconstructing a daily intertidal beach profile (span-
ning from high to low water level positions) using the shorelines from
the same day and the hourly mean water level measured at the AWAC
(relative to AHD) taken as the shoreline elevations (Fig. 4a). From the
intertidal beach profile, the contour with elevation 0.16m was inter-
polated and defined as the shoreline representing that day (black con-
tour, Fig. 4a). This elevation corresponded to the mean water level
(relative to AHD) over the period January 2012–March 2014 as re-
corded by the AWAC. Given the requirement for image-derived shor-
elines from the same day to span elevations above and below 0.16m,
this analysis only produced interpolated shorelines representing 266
daily shorelines over the study period (from the 603 days with available
data) which were used to compare the shoreline position over the two-
year period. Although this approach neglects water level differences
between the AWAC and the shoreline (e.g. setup), it will be shown that
due to the generally low wave energy conditions at Secret Harbour,
wave setup is small (< 0.1 m) relative to the tidal range (~0.5m).

In addition to the interpolated shorelines, a set of alongshore
“bandpass filtered” shorelines were calculated to identify the formation
of megacusps at the shoreline. In general, the megacusps observed in
the image derived shorelines appeared with similar characteristics
(length, amplitude) across the entire tidal range and thus the shorelines
coinciding with the lowest water level from each of the 603 days
available were used to calculate the filtered shorelines. In order to
create this dataset, two new sets of shorelines were obtained: one based
on smoothing the shoreline in the alongshore direction with a running
mean of 50m (to remove the small-scale features such as beach cusps)
and another with shorelines smoothed using a running mean of 200m
(to remove the larger oscillations such as megacusps) (Fig. 4b). The
subtraction of the 200m-smoothed set from the 50m-smoothed set
resulted in a bandpass-filtered set of shorelines in which the band co-
inciding with megacusps was isolated (Fig. 4b).

To investigate the relationship between the formation of megacusps
and the presence of rip currents, the alongshore location of rip currents
were extracted following the approach of Ranasinghe et al. (2004),
which identifies the rip channels as the alongshore locations of minima
in the cross-shore mean luminosity (Fig. 3c). In order to extract those
minima, the red-blue-green layers of the timex images were first con-
verted to the hue-value-saturation colour system to obtain the lumin-
osity (value) for each pixel. The surf-zone seaward limit was extracted
by identifying the most offshore maximum in the luminosity layer
(Fig. 3a–b). The area bounded by this seaward limit and the shoreline
was defined as the surf-zone and was used to calculate the mean of the
luminosity in the cross-shore direction (Fig. 3c). The minima in the
resulting alongshore profile were considered as probable locations of
rip channels. In our set of images, the minima in the surf-zone lumin-
osity were detected and cross-checked visually only in pictures where
well-defined rip channels were already formed such as in Fig. 3a.
Images showing incipient formation of rip channels and/or with poor
contrast between the luminosities of the rip channels and the rest of the
surf-zone were not utilized.

3.2. Intra-day beach observations: February 2014 field study

The intra-annual observations at Secret Harbour were com-
plemented by intensive field measurements of wind, surf-zone waves
and currents and topographic surveys obtained between 4 and 17 Feb
2014, which focused on quantifying the intra-day nearshore hydro-
dynamics and beach response to successive diurnal sea breeze cycles
that are strongest during the austral summer. During the experiment, a
400-m alongshore array of RBR Virtuoso pressure sensors and a cross-
shore array of four Nortek Vector acoustic Doppler current meters
(ADV) were deployed in the surf zone (Fig. 5a–b). The alongshore array,
nominally along the 1m depth contour, was primarily designed to
quantify the infragravity wave dynamics at the site in a separate study
while the ADVs were used to measure the nearshore currents. Two of
the ADVs (V1 and V2) were positioned shoreward of the bar crest, at
about 50m and 55m from the shoreline at mean depths of 0.91m and
0.95m. V3 was located 70m from the shoreline (mean depth 0.63m)
on the bar crest and V4 was seaward of the crest ~90m from the
shoreline with a mean depth of 1.0m (Fig. 5c). The wave heights at the
pressure sensors and ADVs (sampling rates 1 and 2 Hz for 59min each
hour respectively) were calculated by converting the pressure mea-
surements to surface elevations using linear wave theory (see Section
3.1).

During the intensive field study a bathymetric survey and 43 to-
pographic surveys were conducted of the study area. The bathymetric
survey was carried out on 3 Feb and extended 1 km in the alongshore
direction between ~1m and ~10m depth and 300m in the cross-shore
direction. Cross-shore transects separated by ~20m were made by
using a Personal Water Craft equipped with a single beam echo-sounder
and a Differential Global Navigation Satellite System (DGNSS) receiver.
The sub-aerial topographic surveys, conducted using a push cart over a
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450m stretch of beach (y=−180m to y=270m, Fig. 5a–b), were
collected bi-hourly during daylight to resolve the impact of the sea-
breeze cycles on the beach morphology. A DGNSS receiver, logging
positions and elevations at 2 Hz, was mounted atop the push cart. Each
survey consisted of 3 alongshore transects separated by ~6m and a
cross-shore zig-zag transect separated by ~6m. The differential cor-
rections were logged at an adjacent base station located at the Coastal
Station and then were applied to the measurements collected by the
DGNSS receivers for both the topographic and bathymetric surveys

resulting in estimated uncertainties in the horizontal and vertical po-
sitions of 0.05m for the topographic surveys and 0.1 m for the bathy-
metric survey. The topographic surveys, consisting of around 7000
points, took place every 2 h during daylight from 5 to 11 Feb and daily
on both 4 Feb and during 12–17 Feb. Data from the topographic and
bathymetric surveys were rotated 35° counter-clockwise into the cross-
and alongshore (x, y) reference system of the Argus images (Fig. 3a).
The elevations of survey points were referenced to the AHD and then
interpolated using a Triangulated Irregular Network in order to

Fig. 3. a) Shoreline and surf-zone seaward limit extraction from timex images. b) Example of identification of the shoreline position using the largest gradient of the
“blue minus red” layer and surf-zone seaward limit as the most offshore peak in the luminosity. c) The alongshore locations of rip channels were detected by
identifying the minimum values in the alongshore luminosity profile, cross-shore averaged between the surf-zone and the shoreline.

Fig. 4. a) Intertidal bathymetry reconstruction using
the shorelines detected from the same day. The
0.16m elevation contour was interpolated to re-
present the shoreline for each day. Additionally, one
megacusp horn and one embayment are shown. b)
The “bandpass filtered” shorelines (grey) were gen-
erated by removing the 200m – smoothed shorelines
(orange) from the 50m – smoothed shorelines
(black) in order to isolate the megacusps. Here, the
amplitude of the megacusps (scale on right) was
defined as the maximum difference between a horn
and an embayment.

L.E. Segura et al. Marine Geology 400 (2018) 94–106

98



generate a 1m×1m grid surface of the subaerial beach and bathy-
metry (Fig. 6a). Other interpolation methods (e.g. Nearest Neighbour)
produced similar surfaces and our results are insensitive to the inter-
polation method.

For each topographic grid, the shoreline was defined as the 0.5m
elevation contour. Lower elevations were generally submerged during
the peak of the sea-breeze cycles and thus difficult to measure with the
push cart. The total sub-aerial volume of each topographic grid was
calculated between 0.5 m and 1.2m elevation which encompassed a
beach width of 10–12m. A strong correlation (R2= 0.91) was found
between the mean sub-aerial volume changes and mean shoreline
changes (averaged over the alongshore extent of the surveys, from
y=−180m to y=270m). Hence we use the mean shoreline changes
as a proxy for overall variation in the sub-aerial beach. For the period
4–17 Feb it was possible to estimate the elevation of the Argus image-
derived shorelines by projecting each video derived shoreline onto the
elevation model produced by the topographic grids from the same day/
time (Fig. 6a). A strong correlation (R2= 0.93) was found between the

mean elevation of the Argus shorelines and the water level at the AWAC
from the same time (Fig. 6b), indicating that the temporal variation in
the elevation of image-derived shorelines was principally due to tidal
water level fluctuations.

4. Results

4.1. Seasonal variability and the response to storm and recovery cycles

In southwest WA the dominant synoptic weather pattern results in
winds with a southerly alongshore component that varies seasonally
(stronger in summer); however during storms the alongshore compo-
nent of the wind tends to be predominantly from the north (Fig. 7a).
The observed wave heights (at the AWAC in 8m depth) ranged from
~0.5m in summer to ~1–2m in winter (Fig. 7b). During the austral
autumn and winter (March–September) most of the storms (defined as
wave heights> 1m persisting for one or more days) occurred with
waves generated up to ~2m. In contrast during the summer

Fig. 5. a) Locations of instrumentation de-
ployed during the 4–17 Feb 2014 intensive
field study to assess the influence the ty-
pical strong sea-breeze cycles on the near-
shore hydrodynamics and beach mor-
phology. b) Interpolated model of the
bathymetry (collected on 3 Feb) and topo-
graphy (collected on 4 Feb) of Secret
Harbour. c) Cross-shore profile at
y=−118m showing the location of the
current meters.

Fig. 6. a) Projection of the image-derived shorelines over topographic surveys for the same time. b) Correlation between the mean shoreline elevation (averaged over
y=−180m to y=270m) and the water level measured at the AWAC referenced to AHD.
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(December–February) the wave conditions were characterized by low-
energy waves (defined as wave heights< 1m) although waves of up to
1.5 m were episodically generated during strong sea-breeze conditions,
thus comparable to winter storm values. The alongshore mean shoreline
position (averaged from y=−500m to y=300m) over the ~2 year
period does not indicate a well-defined seasonal pattern and instead
exhibits shorter-term fluctuations (i.e. days to weeks) related to storm
events followed by recovery periods with low-energy waves (Fig. 7c). In
both years (2012 and 2013), these fluctuations in the shoreline position
commenced with the first storms in April–May, producing shoreline
recession of up to 18m during individual events at rates ranging from
−2 to−6m day−1 (Fig. 8). In general, while the beach tended to erode
during storm events, the mean shoreline change was only weakly cor-
related with the storm wave height (R2= 0.2) and duration (R2= 0.1),
as can be seen for instance in two events on 5 May 2012 and 8 May
2013. These two initial storms of 2012 and 2013 exhibited similar
maximum wave heights (1.8 m) and duration (2 days); however each
led to different shoreline changes (11m and 18m, respectively). Fol-
lowing storms, periods of low waves led to the recovery of the shoreline

at rates of up to 2m day−1 (Fig. 8), thus taking from few days to weeks
for the shoreline to regain its pre-storm position (Fig. 7c). The largest
shoreline changes (> 10m) at Secret Harbour occurred during storm
events that followed periods of low waves suggesting that when the
beach exhibited an accreted state the storm impact was more promi-
nent; for example, as can be observed during the events that brought
about the largest shoreline changes (2012: 5 Apr, 5 May, 28 Sep, 1 Dec
and 2013: 8 May, Jul 15) with each occurring after periods of more
than ~5 days of low waves (Fig. 7c). In contrast, during periods when
storm events were more frequent (<~5 days between events), such as
during periods in August and September 2012, the mean shoreline
erosion was much smaller (Fig. 7c) despite some sections of the beach
locally exhibiting large changes due to the presence of megacusps
(Fig. 7d).

4.2. Megacusp dynamics and their contribution to shoreline variability

As evident in the alongshore variability in the filtered shorelines
(Fig. 7d), megacusps were present throughout most of the study period,

Fig. 7. a) Alongshore component of the wind at the study site. The positive and negative values indicate the northwards and southwards components respectively
(respect to the reference system x, y). The orange areas denote the austral summer months (December – February) and the blue areas the austral winter months (June
– August). b) One and 30 day running means of the significant wave height measured at the AWAC or the equivalent from the Rottnest wave buoy (refer to Section 3.1
for details). c) Time series of the alongshore mean shoreline (averaged over y=−500m to y=300m) and standard deviation. d) Time series of filtered shorelines
(see Section 3.1 for details). The white areas represent gaps in the shoreline dataset of> 15 days. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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but with a tendency to be more pronounced during winter and spring
when they reached amplitudes (maximum difference between embay-
ments and horns, see Fig. 4b) of up to 8m. In contrast, during the
summer and autumn months, the megacusps exhibited much smaller
amplitudes (~2m). During the formation of megacusps, the alongshore
mean shoreline position either increased or remained around the same
location (Fig. 7c) suggesting that these features contributed to the
overall recovery or stability of the beach. However, when megacusps
were forming, the shoreline erosion rate at the embayments reached up
to ~−3m day−1 (Fig. 8), similar to erosion rates observed during
storm events. In most cases, megacusps formed very rapidly (one to
three days) after a storm event, with the megacusp embayments coin-
ciding with locations of rip channels, as can be seen clearly, for ex-
ample, in the period shown in Fig. 9 (August 2012–January 2013) and

the three cases shown in Fig. 10. Once formed, the megacusps were
persistent for up to several weeks and eventually disappeared mostly
due to storm events (such as on 14 Aug and 24 Aug 2012) and in some
cases due to extended periods of low energy waves (5 Sep and 30 Nov
2012) that reset the shoreline to a primarily alongshore uniform state
(Fig. 9). From 1 Dec 2012 to 1 Jan 2013, the megacusps tended to drift
northward at rates of 10 and 20m day−1 (Fig. 9b), a behaviour ob-
served not only during this period but also during the summer months
of 2013 and 2014, thus consistent with the northerly directed along-
shore current that is generated by the southerly sea-breeze (Section
4.3). During the remainder of the study period (i.e. outside summer),
alongshore migration was uncommon, as only one migration event was
identified from 10 to 20 Sep 2012 when a megacusp located near
y=−300m migrated northward at a rate of 5m day−1 (Fig. 9b).

4.3. The influence of sea-breeze cycles on nearshore hydrodynamics and
beach response

The mean rates of shoreline change shown in Fig. 8 suggest that
over periods with sea breezes lasting several days, the net change in the
beach response is small or accretive with change rates less than periods
with storms or megacusp formation. In order to investigate the impact
of sea-breeze cycles at a higher temporal resolution (intra-daily), we
assessed the 43 topographic surveys and hydrodynamics collected
during the intensive field study period of 4–17 Feb 2012. Conditions
during the experiment were defined by six consecutive days of strong
sea-breezes (> 10m s−1, 5–11 Feb) and six consecutive days of weak to
moderate sea-breezes (12–16 Feb) (Fig. 11a). During the first six days,
the alongshore wind speeds during sea-breeze cycles reached up to
10–15m s−1 between 3 pm and 5 pm (Fig. 11a) generating wind waves
of up to 1m height (Fig. 11b) with an oblique direction of ~225°
(Fig. 11c, direction is in the nautical convention). Small background
swell was consistently present throughout this intensive study period,
with heights ranging from 0.2 to 0.5 m (mean 0.4 m) and coming from
directions (measured at the AWAC) around 240°- 250° (Fig. 11c). The
tidal range changed only slightly over this period, from 0.3m during
neap tides (4–7 Feb) to 0.6m during the spring tides (9–16 Feb)
(Fig. 11d). In the nearshore zone the waves showed the transformation
typically observed over barred-beaches, shoaling offshore of the bar
(location of V4) followed by a reduction due to a combination of wave

Fig. 8. Mean rate of shoreline change (averaged over y=−500m to
y=300m) for seven periods of three days with a storm event, low swell waves
and daily sea-breeze cycles. In addition, seven periods of three days with
megacusp formation are also shown. For the megacusps, the shoreline rates
were not averaged in the alongshore but the values at two transects were se-
lected (one at one megacusp horn and the other at the adjacent embayment). A
majority of the shorelines registered before and after storm events were sepa-
rated by 3 days and during the formation of megacusp horns and embayments
the largest shoreline changes typically ~6m occurred during 3 days; as a result,
this time span was selected to calculate the rates of change during storms and
megacusps and for consistency, during low swell and sea breeze events.

Fig. 9. a) Significant wave height (one day running
mean) measured at the AWAC or the equivalent from
the Rottnest wave buoy. The yellow/black dashed
lines indicate “reset events”, in which the beach
morphology changed to an alongshore-uniform state.
b) Filtered shorelines and the approximate image-
derived rip channel locations (white circles). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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breaking on the sandbar and de-shoaling in the trough (locations of V1
and V2) (Fig. 11e). The obliquely-approaching wind waves produced
strong alongshore currents up to 1.2 m s−1 (Fig. 11f, positive means
northward and negative southward) that increased almost linearly with
wave height (R2= 0.9) and that were stronger close to the sandbar
trough, consistent with observations at other barred beaches (Howd
et al., 1992). The cross-shore currents did not display a consistent
pattern between the different instruments, although a change to more
positive values occurred around 8 Feb at the locations of V1, V2 and V3
(Fig. 11g, positive means onshore and negative offshore). During the
days when the cross-shore currents were predominantly offshore (6–8
Feb), negative elevation changes of up to −0.3m were observed in the
seabed at the locations of the ADVs. From 8 Feb, when the cross-shore
currents turned to more positive values, the seabed accreted at the lo-
cations of V1, V2 and V3 but eroded at V4.

The beach morphology during the study was characterized by a
small amplitude sandbar (~1m depth) located about 100m from the
shoreline (Fig. 5b–c), which is typical during summer months
(Contardo and Symonds, 2015). Beach cusps with average wavelength
35m were present, and displayed daily variability in their amplitudes
(range 1–4m) and alongshore positions (Fig. 12a). In addition, a
megacusp migrated into the study region on 8 Feb and became more
defined by the end of the experiment as its horn (maximum amplitude)
accreted (Fig. 12b). The presence of the megacusp introduced along-
shore variability in the shoreline behaviour and therefore the beach was
divided into three sections with internally similar response (South,
Middle and North), as defined in Fig. 12b. During the initial sea-breeze
events (5–7 Feb) (Fig. 13a), the mean shoreline position averaged over
each section exhibited variable behaviour, generally accreting over-
night and sometimes in the morning prior to the sea-breeze and then
eroding throughout the afternoon during the sea-breeze (Fig. 13b). The
largest shoreline change in all sections was on 5 Feb, the first day of a
strong sea-breeze cycle following 3 days without sea breezes and low
waves. The erosion was more pronounced at the South and North sec-
tions where the shoreline retreated up to 3.5m, while in the Middle

section the shoreline eroded about 2m. Despite the strong erosion as
the sea breeze intensified during the day, the beach recovered each
night when the sea-breeze subsided (the wind generally decreased
to< 5m s−1 between 11 pm and 3 am, Fig. 13a) as indicated by the
positive difference between the shorelines of the 6 pm and 8 am sur-
veys. From 7 to 12 Feb, the presence of the megacusp increasingly
dominated the beach response resulting in a greater accretion in the
Middle section at +1.1m day−1 (Fig. 13b). From 12 Feb onwards the
beach continued to accrete in the North and Middle sections while
showing little change in the South section (Fig. 13b). The large change
in shoreline growth at the North section from 12 Feb (Fig. 13b) was
linked to the alongshore migration of the megacusp, in which the horn
position shifted 20m northwards from 12 to 17 Feb (Fig. 12b).

5. Discussion

Field observations from this low-energy beach system in south-
western Australia reveal that the shoreline variability is dominated by
periodic storm events and a rapid formation and migration of mega-
cusps. The shoreline did not exhibit a well-defined seasonal signal, as
the shoreline position was in some instances as accreted in winter as in
summer (Fig. 7c). This can be attributed to the protection of the beach
by offshore reefs (Fig. 2b), which considerably dampens the seasonal
signal in the offshore wave heights and increases the relative im-
portance of locally-generated wind waves during sea-breeze cycles and
storms. In addition, the predominance of shoreline variability at storm
timescales can be also a consequence of the proximity and dynamicity
of the offshore sandbar (Contardo and Symonds, 2015), which gen-
erates a faster sediment exchange with the beach trough the continuous
formation of rip channels (Fig. 9c). A similar argument has been uti-
lized to explain the shorter beach “memory” at some sheltered beaches
in comparison to more exposed beaches (Davidson et al., 2013; Splinter
et al., 2014; Splinter et al., 2017).

On average the shoreline was more eroded in winter due to the
greater frequency of storms during winter months. The erosive impact

Fig. 10. Three different days with megacusps and rip channels. The approximate positions of the rip channels are denoted by the black arrows. The megacusp
embayments can be observed at the lee of the channels.
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of storms was more pronounced if it occurred after an extended period
(> 5 days) of low waves during which the beach usually recovered.
This agrees with observations of shoreline change during consecutive
storm events at other locations where the first event often generates the
largest change due to the beach profile being further from the equili-
brium profile associated with the storm conditions (Yates et al., 2009;
Lageweg et al., 2013; Splinter et al., 2014). Following storm events, the
beach recovery process was much more dynamic than has been re-
ported at some other low-energy sites (Nordstrom, 1980; Jackson,
1995; Nordstrom and Jackson, 2012), with the beach developing
megacusps whose formation and alongshore migration often led to local
shoreline changes (at alongshore lengths of order 100m) that were as
large as those generated by storms. In general, the megacusps were
generated after storm events, producing net beach erosion during their
formation, similar to megacusps observed at open-coast beaches
(Thornton et al., 2007; Orzech et al., 2011; Castelle et al., 2015; Castelle
et al., 2017). However, at these sites the megacusps survived for several
weeks under a high-energy wave climate, while at Secret Harbour the
megacusps survived a similar period but under low-energy wave con-
ditions allowing the overall recovery of the beach. In some cases, the
embayments formed at the alongshore location of rip currents

suggesting that rip circulation likely contributed to the formation of
megacusps, as has been documented on some other beaches
(Ranasinghe et al., 2000; Thornton et al., 2007; Galal and Takewaka,
2008; Orzech et al., 2011).

The progression from beach morphologies with alongshore–variable
features (such as megacusps) to morphologies with more alongshore-
uniform shorelines have been primarily observed on exposed beaches
during periods when waves usually exceed> 2m (Ranasinghe et al.,
2004; Galal and Takewaka, 2008; Lageweg et al., 2013). However, our
results from Secret Harbour indicate that such transitions can also exist
during much lower wave conditions, with substantial transitions to
alongshore-uniform shorelines occurring under storms with incident
wave heights of only ~1m (Fig. 9b). Observations of sandbar transi-
tions to alongshore-uniform states during low oblique waves have at-
tributed such transitions to the presence of alongshore currents (Price
and Ruessink, 2011; Contardo and Symonds, 2015), further suggesting
that high waves are not required to develop more alongshore–uniform
states in the nearshore beach morphology. Alongshore currents have
been also suggested to contribute to the alongshore migration of
megacusps (Galal and Takewaka, 2008) and rip channels (Ranasinghe
et al., 2000; Orzech et al., 2010), which is likely the case at Secret

Fig. 11. a) Alongshore (positive northwards, negative southwards) and cross-shore (positive eastwards, negative westwards) components of the wind vector. b–d)
Wave conditions and water levels recorded by the AWAC in ~8m depth during the field campaign 4–17 Feb. The wave direction is in the nautical convention (True
North=0°). e) Significant wave heights at surf zone current meters and offshore AWAC and (f–g) alongshore currents (positive northwards) and cross-shore currents
(positive onshore) measured at the current meters. All values are hourly averages.
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Harbour given that alongshore movement of megacusps were observed
to occur only in summer when alongshore currents due to sea–breeze
cycles are strong (> 0.5 m s−1, Fig. 11f).

During summer, the intra-day beach response was dominated by
sea-breeze events, which generated a cycle of erosion during in-
tensification of the sea breeze throughout each afternoon and accretion
during the evening when the sea breeze relaxed. We also found that the
magnitude of this cycle depended upon the ordering of the sea-breeze
events. The first sea-breeze cycle of the week (5 Feb) generated the

largest erosion while the subsequent cycles did not have the same effect
despite the waves being larger (Fig. 13). It can be interpreted that after
several days without sea-breeze events and low waves the beach profile
on 5 Feb was further from the equilibrium profile associated with sea-
breeze cycles making the erosion on 5 Feb larger (Fig. 13), analogous to
what occurred when storm events followed periods of low waves. After
the 5 Feb event, the trend in the shoreline position was generally po-
sitive due to the formation and alongshore migration of a megacusp
which from 8 Feb exceeded the sea-breeze erosive impact at different

Fig. 12. a) Filtered shorelines (normal shorelines minus the 50m – smoothed shorelines) for the four days in which the beach morphology experienced the largest
changes. b) Spatial location of the 50m-smoothed shorelines, the maximum width location (dots) and definition of beach sections.

Fig. 13. a) The wind speed and significant wave height at Secret Harbour during the period 4–17 Feb. b) Time series of the shoreline position extracted from
topographic surveys and averaged over the three different sections defined in Fig. 12a.
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extents along the beach (larger at the middle, smaller at the south).
Thus, although the sea-breeze cycles have been largely thought to have
an erosive effect along the southwestern Australian coast (Pattiaratchi
et al., 1997; Masselink and Pattiaratchi, 1998a; Gallop et al., 2011) our
observations suggest that this effect can be easily overwhelmed by
changes in the shoreline due to formation and alongshore migration of
megacusps and is often reversed by accretion each night and during the
morning.

6. Conclusions

At Secret Harbour, storms events caused the largest shoreline
changes (> 10m) followed by changes resulting from the formation
and alongshore migration of megacusps. Megacusps dominated the
short-term (~days) beach response during post-storm periods of low
swell generating shoreline changes of up to 3m day−1 during their
formation and alongshore migration especially in summer when they
moved at rates up to 20m day−1 northward in the direction of the
predominant local winds and alongshore currents. During summer, the
intra-day beach response was dominated by sea-breeze cycles which
generated a morphological cycle consisting of erosion during the sea
breezes and accretion afterwards. The magnitude of this cycle depended
on the ordering of the sea-breeze events with the first event (following a
period of low swell without sea breezes) causing the largest erosion.
Additionally, the magnitude of the erosive/accretive cycle can be
highly alongshore-variable due to the simultaneous formation of
megacusps, a fact that highlights the importance of measuring a stretch
of beach larger than the megacusp wavelength (~200m) in order to
account for the overall erosion/accretion behaviour. The recovery trend
observed during megacusp formation was found to overwhelm the
erosive impact of sea-breeze cycles after several days and hence was a
major driver of local short-term shoreline variability during summer.
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