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We hypothesized that beach profiles that are perched on natural rock structures would be better protected
from waves and currents than profiles that are not fronted by rock. In southwest Western Australia many
beaches, such as at Yanchep, are perched on Quaternary limestone. Yanchep Lagoon is fronted by a low-
crested limestone reef that partially encloses a coastal lagoon. The spatial variation of waves and currents
around the rock structures were quantified during the sea breeze cycle at locations: (1) offshore; (2) 20 m
seaward of the reef; (3) inside the lagoon; and (4) in the surf zone. The spatial variation in the beach profile
response was measured at two beach profiles: (1) the Exposed Profile that was not fronted directly seaward
by outcropping limestone; and (2) the Sheltered Profile which was fronted seaward by submerged limestone
at 2 m water depth and that was near the lagoon exit at the end of the limestone reef. The Sheltered Profile
had greater volume changes during the cycle of the sea breeze whilst the Exposed Profile recovered more by
overnight accretion when wind decreased. The lagoonal current drove the strong response of the Sheltered
Profile and may have contributed to the lack of overnight recovery of the beach together with the seaward
rock formation impeding onshore sediment transport. The different direction and speed responses of bottom-
currents in the surf zone fronting the two profiles reflected the local variation in geology, the influence of the
jet exiting the lagoon, and wave refraction around the reef that was measured with GPS drifters and wave-ray
tracing using XBeach. Major spatial variation in waves, currents and beachface behavior at this perched beach
shows the importance of the local geological setting.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Beaches that have underlying rock and/or that are fronted seaward by
geological or engineered structures are commonworld-wide. These bea-
ches can be referred to as perched beaches, defined as being formedby the
accumulation of unconsolidated sediment atop a shallow-rock platform;
and/or that are landward of an offshore structure. Such structures may
consist of limestone, coral, coquina, shell, worm rock, sedimentary rock,
clay or rip-rap (Larson and Kraus, 2000). Internationally, different forms
of perched beaches have been described including:

(i) beaches with patchy exposed rock—often beach rock formed
through the precipitation of carbonate sediments (Chowdhury
et al., 1997; Dickinson, 1999; Rey et al., 2004; Vousdoukas et
al., 2007, 2009);

(ii) shore platforms (Bartrum, 1926; Muñoz-Pérez et al., 1999;
Trenhaile, 2004; Valvo et al., 2006);
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(iii) inlets with a hard-bottom (Hanson and Militello, 2005);
(iv) offshore breakwaters and reefs, possibly fronted landward by a

coastal lagoon (Sanderson and Eliot, 1996; Dean et al., 1997;
González et al., 1999; Eversole and Fletcher, 2003; Frihy et al.,
2004); and

(v) seawalls, revetments and bulkheads (Kraus, 1988; Fitzgerald et
al., 1994; Kraus and McDougal, 1996).

In southwest Western Australia rocky beaches have been described
by Semeniuk and Johnson (1982), Green (2008), Doucette (2009) and
Da Silva (2010), and in the northwest beaches associated with coral
such as the fringing reef at Ningaloo (Sanderson, 2000) are also an im-
portant part of the coast. A simple classification summarizing the above
perched beach descriptions is presented in Fig. 1, focusing purely on the
cross-shore perched beach profile rather than alongshore variations
due to headlands and reefs which influence longshore sediment trans-
port (Sanderson and Eliot, 1999). Perched beaches may also be backed
by hard structures such as cliffs, seawalls, streets or buildings (Fitzger-
ald et al., 1994) which are not considered for the purpose of the simple
classification.

The lack of research on perched beaches was mentioned by Hegge
et al. (1996), who noted that while a morphodynamic classification of
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Fig. 1. A simple perched beach classification of the four main types, with Western Australian examples.
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sandy beaches has been established for open-ocean, wave-dominated
environments, many natural beaches are in fact inside embayments
or landward of protective reefs which provide shelter from waves. It
is accepted that the geology of perched beaches will affect the near-
shore hydrodynamics and beach morphology, but there has been lit-
tle research to quantify and understand these differences compared
to ‘typical’ sandy beaches without structural constraints (Larson and
Kraus, 2000; Stephenson and Thornton, 2005; Naylor et al., 2010).
The response of shorelines to submerged structures such as artificial
surfing reefs, is still poorly understood (Ranasinghe et al., 2006).
With the threat of sea level rise and increased urbanization of the
coast, understanding all types of coastal landforms is becoming
more important so it is crucial that the mechanisms of geological
beach control are identified.

It has been suggested that a rocky bottom at a beach will:

(i) limit fluctuation of beach profiles (Larson and Kraus, 2000;
Vousdoukas et al., 2007);

(ii) alter the nearshore hydrodynamics (Cleary et al., 1996; Larson
and Kraus, 2000; Vousdoukas et al., 2007);

(iii) change the flow/ pressure distribution in the beach sediment
(Larson and Kraus, 2000);

(iv) reduce the porosity of the beach hence reduce water infiltra-
tion possibly leading to erosion (Walton and Sensabaugh,
1979; Larson and Kraus, 2000; Vousdoukas et al., 2009);

(v) alter erosion rates at rock margins causing scouring (Larson
and Kraus, 2000) by changing cross-shore and longshore sedi-
ment transport (Vousdoukas et al., 2007); and

(vi) decrease sediment availability (Trenhaile, 2004) because if hard-
bottom is exposed, the actual sediment transport rate will be less
than the potential, which can also affect surrounding areas with-
out hard-bottoms (Hanson and Militello, 2005).

In a study of the 10,685 mainland beaches of Australia, Short
(2006) stressed the importance of geological formations to the form
and function of perched beaches. It was noted that bedrock and
calcarenite play a major role on Australian beaches by forming
beach boundaries so that the average beach length is just 1.37 km.
Australian rock formations lie along the coast as beachrock, rocks,
headlands and islands, inducing wave refraction and attenuation
resulting in lower energy beach types. Rocks were found to dominate
the intertidal zone of 779 beaches, and coral reefs are located seaward
of at least 1430 beaches in northern Australia. These aremostly barrier
beaches that are backed by a lagoon with lower energy beaches that are
unusually steep, most common in Western Australia.
Perched beaches are especially common in Western Australia.
Yanchep Lagoon in the Perth metropolitan area of southwest Western
Australia is predominantly a Type 4 (Fig. 1) perched beach that is
partly fronted by a lagoon that is enclosed by a calcarenite limestone
reef (Fig. 2). The microtidal coast is largely sheltered from swell by
offshore reefs made of Quaternary limestone. Therefore, locally pro-
duced wind waves and currents from the unusually strong and persis-
tent sea breeze that blows in summer have a dominant effect on
coastal processes (Pattiaratchi et al., 1997), making the coast an
ideal field location to quantify the response of beaches to wave
and current forcing. The generally shore-parallel sea breeze in
southwest Western Australia forms due to a combination of local
and synoptic systems and plays a key role in the sediment budget
of the coast by driving the mean annual littoral drift to the north
(Masselink, 1996). The sea breeze increases significant wave height
(Hs) at the coast by up to 0.9 m and can increase sediment suspen-
sion tenfold (Pattiaratchi et al., 1997). Past research on the effects
of sea breeze activity on coastal processes and geomorphology in
southwest Western Australia have focused mainly on beach cusps
and have largely excluded the overnight recovery phase of beach
morphology that occurs at the cessation of the sea breeze (Kempin,
1953; Pattiaratchi et al., 1997; Masselink and Pattiaratchi, 1998a,b,c;
Masselink and Pattiaratchi, 2001a,b). Energetic wave conditions
combined with equipment constraints have, until now, prevented
a complete record of hydrodynamic measurements over the sea
breeze cycle

We hypothesized that beach profiles that were perched on rock
structures would be better protected from waves and currents than
profiles not fronted by rock. To test this, it was important to investi-
gate: (1) temporal variations over the sea breeze cycle; and (2) spa-
tial variations at different areas of the nearshore to indentify how
the rock structures influence the waves and currents. Therefore,
there were four main objectives of the work, to:

(i) Quantify temporal variations of waves and currents during the
sea breeze cycle at locations:
a) offshore;
b) 20 m seaward of the limestone reef;
c) inside the lagoon; and
d) in the surf zone fronting the Exposed Profile and the Sheltered

Profile.
(ii) Quantify the response of the beach to the variation in currents

and waves induced by the sea breeze cycle at an exposed beach
profile and a sheltered beach profile.



Fig. 2. Map showing (a) location of Yanchep Lagoon and aerial photo (source: Landgate) showing locations of instrument deployments; and (b) bathymetry contours of Yanchep
Lagoon where the color bar indicates the estimated depth of sediment above the rock substrate in February 2010. White areas are where rocks outcrop above the sediment surface.
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2. Study area

The coast of southwest Western Australia is characterized by a
system of rocky shores and sandy beaches with significant compart-
mentalization. Yanchep is located in the Whitfords–Lancelin Sector
in the classification by Searle and Semeniuk (1985) (Fig. 2a) which
is characterized by unique marine ridge-and-depression morphology,
limestone rocky shores and isolated accretionary cusps of Holocene
sediment. This sector is fronted by a series of shore-parallel limestone
ridges that area located up to 6.4 km offshore and form the basis of
the coastal bathymetry and onshore geomorphology. Spearwood
Ridge forms the framework of the mainland coast; Garden Island
Ridge closes with the coast at Point Becher Point and Point Peron
and gradually diverges with the shore to join Rottnest Island 20 km
offshore. North of Rottnest Island the ridge is broken by the Perth
Canyon while south of Rottnest Island, Five Fathom Bank Ridge lies
20 km offshore (Masselink and Pattiaratchi, 2001b). Older limestone
ridges exist further landward and underlie the Holocene sediment
that comprises the modern dune and beaches of the coast (Semeniuk
and Johnson, 1982). The field site at Yanchep fits this framework in
two ways; first as a Holocene beach set in a depression of the Spear-
wood Ridge, and second as a local analog for the broader structure of
the coast.

Yanchep Lagoon is 60 km north of the City of Perth at the northern
limit of the Perth metropolitan area (Fig. 2). The beach faces the
southwest with an aspect of 230° and consists of well-sorted, medium
sand that is comprised mostly of quartz and skeletal material with d50

of 0.4 mm (Semeniuk and Johnson, 1982; Murphy, 2011). The beach
is perched on the Pleistocene Tamala Limestone Formation (Playford
et al., 1975) which consists mainly of undulated, cross-bedded eoli-
nite that developed during several dune-building episodes
(Semeniuk and Johnson, 1982). Part of the beach is fronted by a con-
tinuous, intermittently-emerged limestone reef, and part by fully-
submerged limestone formations, with the rest is not directly fronted
to seaward by rock (Fig. 2b). The lagoon that is enclosed by the inter-
tidal limestone reef is open at the northern end, where water exits
after overtopping the reef (Fig. 2). At the time of the field work in Feb-
ruary 2010, the main areas of available sediment were to the south-
west of the Lagoon and seaward of the reef near the shore with
sediment depths above the rocky substrate reaching up to 6 m
(Fig. 2b).

The coast of southwest Western Australia is microtidal, with a
mean spring tidal range of 0.6 m (Pattiaratchi and Eliot, 2009;
Department of Defence, 2011) and a low–moderate energy wave cli-
mate of mostly south-southwest swell (Lemm et al., 1999; Bosserelle
et al., 2011). Background swell is generated in the Indian and South-
ern Oceans, and during summer Hs is 1–2 m, and mean wave period
less than 8 s while in winter Hs is 1.5–2 m and wave period increases
(Lemm et al., 1999). The coast is subject to ~30 storms per year, con-
centrated in July (Lemm et al., 1999) and the summer months are
dominated by the south-southwest sea breeze that blows obliquely-
onshore at Yanchep Lagoon. This sea breeze is formed by the interac-
tion of the local temperature difference between land and sea and the
synoptic weather patterns (Tapper and Hurry, 1993). A west coast
trough develops as hot air from central Australia rises at the west
coast. The position of this trough varies and affects the occurrence, in-
tensity and direction of the sea breeze (Kepert and Smith, 1992). An
onshore trough favors strong sea breezes with early onset and vice
versa for an offshore trough (Masselink and Pattiaratchi, 2001a).
The effects of the sea breeze have been compared to a medium-
scale storm event (Masselink and Pattiaratchi, 1998a).

3. Methods

Field work focused on a 5 day period from 1 to 5 February 2010 in
summer. The two beach profiles measured were 120 m apart. The
Sheltered Profile was close to the northern end of the limestone reef
and directly fronted to seaward by submerged limestone that was

image of Fig.�2
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2 m below the water surface (Fig. 2). The Exposed Profile was north of
a limestone block referred to as the bombora (Fig. 2a) and was not
directly fronted seaward by outcropping limestone. The beach pro-
files were measured every 2 hours from 1 February 2010 at 1300 h
until 5 February 2010 at 0800 h and were surveyed to Australian
Height Datum (AHD), which is approximately Mean Sea Level
(MSL). Profiles were measured across the beachface above MSL.

Steel poles were hammered into the beach at 1 m intervals along
each profile. The pole tips were surveyed and changes in the beach
profiles were recorded as the variation in the height of the poles
above the beach surface. Elevations of the pole tops were not ob-
served to change during the survey. An exception was when poles
were further hammered into the beachface to prevent them being
washed away. At such time they were re-measured before and after,
and the change in elevation was corrected in beach profile measure-
ments. Error in profile measurements was estimated at ±0.03 m.
The volume of the beach profiles was calculated above AHD for a
1 m wide transect assuming uniform beach profile elevation 0.5 m
either side of each transect.

Four measurement stations were deployed to measure waves and
currents (Fig. 2a). Two Acoustic Doppler Current Profilers (ADCPs)
were deployed:

(i) offshore of the limestone reef in 10 m water depth (referred to
as Ocean); and

(ii) 20 m seaward of the limestone reef in 5 m water depth
(referred to as Reef).

The ADCP's sampled in bursts measuring a 60 s ensemble at 2 Hz
every 20 min. The storm surge was calculated from Reef data by low-
pass filtering hourly-averaged sea levels. Due to a malfunction, sea
levels were not available from the Ocean ADCP data. Acoustic Doppler
Velocimeters (ADVs) sampled at 2 Hz and were deployed in the surf
zone fronting each of the two beach profiles (Exposed and Sheltered
Surf Zones). When battery power was low the sampling resolution
was lowered. Currents were measured 20 cm above the sea bed and
an ADV was deployed once in the Exposed Surf Zone and twice in the
Sheltered Surf Zone. Cross-shore currents consisted of north-easterly
onshore currents that headed 50º and south-westerly offshore currents
that headed 230°. Longshore currents were north-westerly and headed
320° and south-easterly heading 140°.

Five drifters containing Global Positioning Systems (GPS) re-
ceivers developed by Johnson and Pattiaratchi (2004) were deployed
to measure surface current patterns and velocities from inside the la-
goon. The drifters contained a GPS receiver and a logger which
recorded the drifter latitude and longitude every 10 s to derive sur-
face current tracks and velocity. These drifters have been shown to
have only slight wind-drag effects and to be a suitable proxy for sur-
face current speeds (Johnson and Pattiaratchi, 2004). The drifters
were deployed from the southern end of the lagoon (Fig. 2a) four
times, in the afternoon and in the morning: twice on 2 February and
twice on 4 February (Table 2).

Wind data used in this study was obtained from the Australian Bu-
reau of Meteorology and is from the nearest coastal weather station at
Ocean Reef 25 km south of Yanchep, where measurements were
taken 10 m above ground. Tidal variation during the study was diur-
nal with amplitude of 0.3 m, therefore tidal currents were negligible.
Despite the low range, the magnitude of tides and storm surge can
still influence on the hydrodynamics and sea-level measurements
and are presented.

Autospectral analysis was undertaken on sea level and current
components to calculate wave spectra on sections of 512 measure-
ments. This was only possible while battery power was sufficient for
high resolution sampling. Fast Fourier Transform was used to calcu-
late a wave power spectrum which was high-pass filtered to remove
infragravity waves, then smoothed using a Hanning window and
detrended.
Wave refraction was calculated using a coupled wave model based
on XBeach (Roelvink et al., 2009). The model solves the wave action
balance equation, taking into account energy dissipation due to
wave breaking and bottom friction and also wave–current interac-
tions. The model is coupled to a roller model to account for the
momentum transfer from wave breaking and currents and a current
model. It is capable of reproducing the complex hydrodynamic circu-
lation around the reef and lagoon, however only wave refraction pat-
terns near the limestone reef are presented here.

4. Results

4.1. Wind speeds and directions

Wind speeds at Ocean Reef clearly showed the onset of the sea
breeze by a rapid increase in velocity and change in direction from
east (100–150°) to south-southwest (200°) (Fig. 3b) which is on-
shore at Yanchep Lagoon. On 1–3 February sea breeze onset was at
0930 h, while on 4 February 2010 was at 1230 h. On each day, the
wind speeds before the onset of the sea breeze were 3–10 m s−1

(Fig. 3a) increasing until 2000 h and reached daily maxima of
12–17 m s−1 on 1–4 February. Peak wind speeds were: 12 m s−1 on
1 February, 17 m s−1 on 2 February, 14 m s−1 on 3 February,
12 m s−1 on 4 February and 8 m s−1 on 5 February.

4.2. Ocean and reef current changes during sea breeze

Changes in the depth-averaged longshore and cross-shore
currents measured after the onset of the sea breeze at the two
ADCPs, are summarized in Table 1. On 1 February, depth-averaged
longshore currents were similar (~0.02 m s−1) at the Reef and
Ocean sites, and in the afternoon during the sea breeze increased to
0.05 m s−1 and 0.03 m s−1 respectively (Fig. 3e and Table 1). Cross-
shore currents increased from almost nil in the morning, to strongly
offshore in the afternoon with a maximum speed of −0.05 m s−1 at
the Ocean site and 0.03 m s−1 at the Reef (Fig. 3h and Table 1).

Early on 2 February, longshore currents at the Reef and Ocean sites
were north-westerly at ~0.04 m s−1 (Fig. 3e). In the late morning
there was a rapid decrease in current speed at the Ocean site to al-
most zero (Table 1). From the early afternoon to late evening, long-
shore currents at both locations increased with the onset of the sea
breeze. Reef currents doubled from 0.05 to 0.1 m s−1 and Ocean cur-
rents increased from zero in the late morning to 0.08 m s−1 in the
late evening. Cross-shore currents were offshore and increased in a
similar manner from −0.04 m s−1 at both locations in the early
morning to reach −0.1 m s−1 at the Reef and Ocean sites in the late
evening (Fig. 3h and Table 1).

On 3 February longshore currents at the Reef and Ocean sites were
both north-westerly with Reef currents generally higher
(0.03 m s−1) than Ocean currents (0.02 m s−1) (Fig. 3e and
Table 1). Cross-shore currents decreased in the early hours of the
morning then increased in the afternoon with the onset of the sea
breeze with Reef currents just −0.07 m s−1 compared to more than
−0.1 m s−1 for Ocean currents (Fig. 3h and Table 1).

On 4 February longshore currents at both sites decreased in the
morning to almost zero in the early afternoon, then from early after-
noon Reef currents rapidly increased to more than 0.05 m s−1 with
no such increase in Ocean currents (Fig. 3e). Cross-shore currents at
the Ocean site increased slightly in speed throughout the day, with
Reef currents flowing onshore in the late morning, then rapidly off-
shore and increasing in speed at the onset of the sea breeze (Fig. 3h).

On 5 February, longshore currents at the Ocean site were north-
westerly, less so for Reef currents (Fig. 3e and Table 1). Reef and
Ocean cross-shore currents were considerably different. For most of
the day Reef currents were onshore whereas Ocean currents were off-
shore (Fig. 3h and Table 1).
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4.3. Lagoonal current patterns

Currents from inside the lagoon were measured using five GPS
drifters in four deployments, with results summarized in Table 2
and drifter paths shown in Fig. 4. During drifter deployment 1 in the
early afternoon on 2 February when wind speed was 12 m s−1, all
drifters traveled only to the end of the lagoon where they were
washed onshore by wave action. Mean and maximum surface cur-
rents were 0.61 and 1.06 m s−1 (Table 2).

During drifter deployment 2 on 2 February in the late afternoon
when wind speed was 15 m s−1, there was a large difference to results
from the previous deployment. Three of the drifters washed onshore at
the end of the lagoonwhile two traveled further north of the lagoon and
one not coming onshore until at the bombora (Fig. 4). There was evi-
dence of a clockwise current south of the bombora. Mean and maxi-
mum surface currents were 0.65 and 1.65 m s−1. Surface currents
inside the lagoon during drifter deployment 2 were 0.3–0.8 m s−1

and exiting were up to 1 m s−1 where mean longshore surface cur-
rents in the lagoon exit measured with an ADCP were 0.4 m s−1.

During drifter deployment 3 in the morning on 3 February, the
drifters traveled the furthest of any of the deployments when wind
speed was 8 m s−1. Two were washed onshore between the lagoon

image of Fig.�3


Table 1
Summary of depth-averaged current changes after the onset of the sea breeze at the Reef and Ocean sites.

Before/after sea breeze onset 1 Feb 2 Feb 3 Feb 4 Feb 5 Feb

Reef (ms−1)
Longshore 0.02/0.05 0.05/0.1 0.03/0.5 0.03/0.02 0.02/0.02
Cross-shore 0/−0.03 −0.04/−0.1 −0.03/−0.07 0.01/−0.05 0.02/−0.02

Ocean (ms−1)
Longshore 0.02/0.03 0/0.08 0.02/0.04 0.02/0.04 0.03/0.02
Cross-shore 0/−0.05 −0.04/−0.1 0.03/−0.1 −0.05/0.05 −0.05/−0.03
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entrance and the bombora whilst three traveled around the bombora
in a clockwise eddy. Current speeds were slow compared to the after-
noon deployments on the previous day. Mean and maximum surface
current speeds were 0.24 and 1.03 m s−1. A halving of the wind
speed between drifter deployments 2 and 3 effectively halved the
surface current speeds in the lagoon.

In the afternoon of 3 February during drifter deployment 4 wind
speed was 14 m s−1 and the drifters only traveled to the end of the
lagoon before being washed to shore by wave action, like occurred
in the early afternoon on the previous day. Mean and maximum sur-
face current speeds were 0.25 and 0.70 m s−1.

Wave ray-tracing obtained from XBeach (Roelvink et al., 2009)
represented the mean direction of wave propagation (Fig. 5). It indi-
cated how waves refract around the limestone reefs, in particular
around the lagoon exit. Converging ray traces show wave energy fo-
cused on the Bombora north of the lagoon. After the onset of the
sea breeze, waves were more southerly (Fig. 5a) than before the
onset when swell dominated (Fig. 5b). Despite this difference in off-
shore wave direction, the reefs forced the direction of the swell and
sea breeze waves to be similar in the nearshore. This led to similar
wave driven current patterns as observed with the drifters (Fig. 4).
4.4. Surf zone waves and currents

Waves and bottom-currents 20 cm above the sea bed were mea-
sured in the surf zone fronting the two beach profiles. On 1 February,
longshore currents at the Exposed and Sheltered Surf Zones had similar
speeds at less than 0.1 m s−1. From 1800 h currents at the Sheltered
Surf Zone became onshore and stronger reaching 0.3 m s−1 and Ex-
posed Surf Zone currents did not change (Fig. 6a). From 0000 h on 2
February, currents at both surf zone locationswere onshore,with stron-
ger currents at the Exposed Surf Zone. Longshore current speeds in-
creased in the afternoon on 1 February, when high swell and strong
winds developed and currents at the Exposed Surf Zone were consis-
tently stronger than at the Sheltered Surf Zone. On 4–5 February, cur-
rents at the Sheltered Surf Zone were near zero (Fig. 6b).
Table 2
Summary of drifter deployments where Dep. No. is deployment number and wind is di-
rection (from) measured at Ocean Reef.

Dep.
No.

Date and
Time in 2010

Wind
Speed and
Direction

Pattern Mean
current speed

Maximum
current speed

1 2 Feb
1250–1300 h

12 m s−1 All onshore at
lagoon exit

0.61 m s−1 1.06 m s−1

S
2 2 Feb

1650–1700 h
15 m s−1 3 onshore at

lagoon exit, 2
eddy clockwise
near bombora

0.65 m s−1 1.65 m s−1

S

3 3 Feb
0850–0930 h

8 m s−1 All reached
near to
bombora in
clockwise
eddies

0.24 m s−1 1.03 m s−1

SE

4 3 Feb
1520–1550 h

14 m s−1 All onshore at
lagoon exit

0.25 m s−1 0.70 m s−1

S

In the afternoon on 1 February cross-shore currents at the Ex-
posed and Sheltered Surf Zones were slow at less than 0.1 m s−1

and onshore in the Sheltered Surf Zone and offshore in the Exposed
Surf Zone (Fig. 6c). On 2 February at 0000 h cross-shore currents in
the Sheltered Surf Zone were 0.5 m s−1, then decreased to become
offshore later in the morning. Pressure, pitch and heading data
showed that the instrument was not moving at this time although it
may have been obstructed by drifting wrack to cause such a rapid
change in current speed and direction. During this period of rapid
change on 1 February, currents at the Exposed Surf Zone were off-
shore and stable at ~0.25 m s−1. On the second half of 1 February
until the morning of 2 February when measurements stopped, cur-
rents in the Sheltered Surf Zone had stabilized and headed onshore
at ~0.2 m s−1 while the currents in the Exposed Surf Zone were
mostly offshore at 0.4 m s−1. The second deployment at the Sheltered
Surf Zone shows stable and slow cross-shore currents (Fig. 6d).

Sea level was lowest during Deployment 1 on 1 February at 1400, a
daily maximum at 2200 h, then on 2 February a daily minimum at
0600 h (Fig. 6e). A daily maximum occurred during Deployment 2 at
1400 h on 4 February and a minimum at 0400 on 5 February (Fig. 6f).
On 1 February from the late morning swell and wind wave heights
were both 0.3–0.4 m, with slightly higher wind waves in the afternoon
(Fig. 6k). Swell wave height increased from 0500 h on 2 February and
reached a daily maximum of ~0.8 m in the early afternoon. There was
also a slight increase in wind wave height from mid-morning with a
maximum of 0.5 m in the early afternoon (Fig. 6k). From then there
was no wave data due to low batteries and insufficient sampling rates,
until 4 February when swell and wind waves had similar heights of
0.2–0.4 m (Fig. 6l). Mean wave period was similar at both sites during
deployment 1 at 5 s on 1 February, and increased on 2 February from
mid morning with a high period at the Sheltered Surf Zone of up to
8 s, with only a slight increase at the Exposed Surf Zone of up to 5 s
(Fig. 6i). During deployment 1 Hswas ~0.2 m and increased at the Shel-
tered Surf Zone to 0.5–0.6 m compared to less than 0.5 mat the Exposed
Profile from the late morning (Fig. 6g). Overnight, Hs at both sites was
~0.6 m then at the onset of the sea breeze on 2 February increased to
more than 1 m at the Sheltered Surf Zone while the daily maximum at
the Exposed Surf Zone was 0.8 m.

4.5. Beachface profile changes

4.5.1. Two-hourly beach volume changes during sea breeze
The erosional and accretional responses of beachface morphology

to the sea breeze cycle are clearly visible in Fig. 7. The tidal range was
just 30 cm over the period of the field survey, with storm surge only a
minor component of the sea level. From 1 February, the storm surge
decreased with the onset of a high-pressure system. Sea level reached
a minimum in the late morning of 4 February after a decrease of
13 cm and it then began to increase again (Fig. 7a).

There were larger changes in sediment volume at the Sheltered
Profile that was immediately landward of submerged reef (Fig. 7c)
compared to the Exposed Profile (Fig. 7b). Until 3 February both
profiles had the same pattern of erosion and accretion albeit with dif-
ferent volume changes. Both profiles eroded on 2 February although
the Sheltered Profile had double (7 m3) the volume of erosion of



Fig. 4. Drifter velocity vectors from (a) Feb 2 at 1640–1700 h; and (b) Feb 3 2010 at 0840–0930, where black lines show the two beach profiles measured (modified from Gallop et
al., 2011).
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that occurred at the Exposed Profile in 2 h. On 2 February both pro-
files accreted then eroded from midday, with the Sheltered Profile
accreting at a faster rate with a daily maximum of 0.8 m3 at the
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0.5 m3 in 2 h for the Exposed Profile. On 3 February the patterns of
profile behaviour differed more, with smaller rates of volume change
at the Exposed Profile compared to the Sheltered Profile. From 2 Febru-
ary at 0000 h the Exposed Profile accreted at a low rate of b0.03 m3/h
with minor erosion in the afternoon on 4 February. At the Sheltered
Profile, from 3 February at 0000 h the profile generally eroded in the
morning, with some accretion in the afternoon and evening and low
rates of accretion on 4 February.

The volume of sediment eroded from the Sheltered Profile on 1 Febru-
ary was 6 m3 more than that of the Exposed Profile. However, during 2
February with high swell and strongwinds the Sheltered Profile eroded
more than the Exposed Profile (Fig. 7d). On 1 and 2 February a cycle in
beach volume analogous to the sea breeze cycle is clearly visible. On the
secondhalf 1 February the beach volume at both profiles decreased, and
after 2 February at 0000 h the beach volume increased. The profiles ac-
creted when the wind speed decreased, then eroded during the second
half of the day. On3 February the Exposed Profilewas remarkably stable
and therewas a little erosion and accretion at the Sheltered Profile. On 4
February the Sheltered Profile volume increased in the afternoon while
the Exposed Profile decreased.

4.5.2. Backshore vs. foreshore beach profile change
Changes in the beach profile elevation at two different levels on

the beachface were calculated. The two different levels of the beach-
face were defined according to typical beach profile terminology
(Komar, 1998): (1) from the dune toe to the berm—the backshore;
and (2) below the berm down to sea level—the foreshore (Fig. 8a).
The position of the berm on the beachface was relatively stable,
changing by only up to 20 cm vertically. The berm at the Exposed Pro-
file varied between 1.4 and 1.6 m above AHD (Fig. 8a–d), and at the
Sheltered Profile between 1.8 and 1.9 m above AHD (Fig. 8e–h). Pro-
files were compared between 1000 h and 1800 h daily, except on 1
February when profiles were not measured until the afternoon and
the earliest measurement was taken at 1400 h.

During the sea breezes on 1–3 February the foreshore of both beach
profiles eroded, generally with slight accretion on the backshore of the
Exposed but not at the Sheltered Profile except on 2 February (Fig. 8).
On 4 February, the two beach profiles behaved differently with the
foreshore at the Exposed Profile eroding and the backshore accreting
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except on 1 February at 1400 h) and dashed line post-sea breeze at 1800 h. The berm is ind
(Fig. 8d). The foreshore of the Sheltered Profile accreted with only a
small amount of accretion in the backshore (Fig. 8h).

Two-hourly changes in the mean elevation of the backshore and
foreshore at the two beach profiles shows that overnight on 1 Febru-
ary, the backshore and foreshore at the Exposed Profile both eroded
while at the Sheltered Profile there was evidence of some overnight
accretion along the profile (Fig. 9). During the sea breeze on 2 Febru-
ary, the backshore of both profiles accreted in the morning, with
mostly erosion of the foreshore in the afternoon, and some accretion
of the backshore. Overnight, the Exposed Profile mostly eroded, com-
pared to accretion of the Sheltered Profile. On 3 February, both pro-
files had similar behavior during the sea breeze compared to 4
February when the Exposed Profile changed from accretion in the
foreshore, to erosion of the foreshore and accretion of the backshore.
While at the Sheltered Profile, there was accretion of the foreshore
and slight accretion of the backshore. Overall, the backshore of the
Exposed Profile appeared to accrete more than the Sheltered Profile.
Only a fraction of the sediment eroded from the foreshore was depos-
ited on the backshore.

4.5.3. Total beach volume during sea breeze and recovery
Overall, during the sea breeze on 1 February, the Exposed and

Sheltered Profiles both eroded by 0.19 m3 per m of beach width
(Fig. 10b). Overnight on 1 February both beach profiles recovered
by accreting by 0.87 m3 at the Exposed Profile and 0.58 m3 at the
Sheltered Profile (Fig. 10c). Profile on 2 February the Sheltered Profile
eroded by nine times more than the Exposed Profile, at 1.85 m3 com-
pared to just 0.21 m3 at the Sheltered Profile (Fig. 10b). Overnight
there was no beach profile recovery, both profiles eroded, by
0.58 m3 at the Exposed and 1.43 m3 at the Sheltered (Fig. 10c). On 3
February the Exposed Profile did not change during the sea breeze
but the Sheltered Profile accreted by 0.75 m3 (Fig. 10b). More sub-
stantial recovery occurred on the Exposed Profile where it accreted
by 1.06 m3 compared to 0.37 m3 on the Sheltered Profile (Fig. 10c).
On 4 February the Exposed Profile eroded by a total volume of
0.54 m3 while the Sheltered Profile accreted by 1.11 m3 (Fig. 10b).
Overnight there was slight recovery at both profiles, when the Ex-
posed Profile accreted by 0.35 m3 compared to 0.18 m3 at the Shel-
tered (Fig. 10c).
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5. Discussion

Our original hypothesis that perched beaches are often more stable
than non-perched beaches (Larson and Kraus, 2000; Vousdoukas et
al., 2007) was not supported by our results. The perched, Sheltered Pro-
file had greater changes in sediment volume during the sea breeze cycle
compared to the non-perched, Exposed Profile (Figs. 7–10). This was
likely due to the strong current jet exiting the lagoon near the Sheltered
Profile and likely will not be the case for all types of natural perched bea-
ches. The beach profile behavior on 3 and 4 of February was different to
1 and 2. On 1 and 2 February, both beach profiles eroded during the sea
breeze. Conversely, on 3 February the Exposed Profilewas stable overall
and on 4 February it erodedwhile on both days the Sheltered Profile ac-
creted (Fig. 8). Weaker lagoonal currents (Table 2) due to weaker sea
breezes on 3 and 4 of February were likely responsible for the accretion
of the Sheltered Profile because incoming waves could wash this sedi-
ment onshore rather than it being directed offshore by the current jet.

There was a large degree of spatial variation in the waves and
currents around the limestone structures. The current inside the la-
goon was extremely sensitive to changes in magnitudes of wave-
overtopping of the limestone reef during the cycle of the sea breeze,
which forced the longshore current. Despite being located just
120 m apart and having similar pre-sea breeze magnitudes and
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Fig. 10. (a) shows wind speed at Ocean Reef and (b) total beach profile volume change pe
1800 h and other days between 1000 h and 1800 h and (c) total beach profile volume chan
directions, bottom currents in the Exposed and Sheltered Surf Zones
differed in their response to the sea breeze activity. Cross-shore cur-
rents in the Sheltered Surf Zone tended to be stronger and more on-
shore compared to currents in the Exposed Surf Zone which tended
to be slower but offshore, similar to findings of Pattiaratchi et al.
(1997) at a non-perched sandy beach in southwest Western Austra-
lia. Currents in the Sheltered Surf Zone were in an area of high geolog-
ical influence and were more affected by the jet exiting the lagoon
which forced the current shoreward and thus overturned the
expected cross-shore currents generated by the surf. Longshore cur-
rents during the sea breeze were sometimes stronger in the Sheltered
Surf Zone such as 1 February. However, on 2 February currents were
stronger in the Exposed Surf Zone and headed south-easterly for a
few hours after the onset of the sea breeze rather than the usual
north-westerly in the direction of the sea breeze. This shift in direc-
tion was likely due to wave breaking on the bombora that locally in-
creased the sea level to create currents that flowed to the north and
south. These currents were captured during drifter deployments 2
and 3 and wave energy focusing and breaking on the bombora was
revealed by way ray tracing using XBeach (Fig. 5). This energy focus-
ing caused set-up on the bombora and the lee side (Fig. 5) and water
was discharged through troughs to the north and the south that cre-
ated a clockwise eddy on the south side of the bombora, similar to the
3 Feb 4 Feb
 in 2010

r unit m of beach width during sea breeze where 1 February was between 1400 h and
ge overnight between 1800 and 0800 the following day.
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circulation model described by Ranasinghe et al. (2006) around an ar-
tificial surfing reef. Currents at the Exposed Surf Zone were not affect-
ed by this current pattern while Sheltered Surf Zone currents were.

Overnight when wind speeds decreased, both profiles accreted,
and the Exposed Profile recovered by 1.5–5 times more, consistent
with work by Muñoz-Pérez and Medina (2010). It has been suggested
that rocky outcrops impede onshore sediment transport due to a
scour step at the seaward margin (Turner, 2000; Vousdoukas et al.,
2009). Due to sustained winds and swell waves, on 2 February both
profiles continued eroding overnight and the Sheltered Profile lost
2.5 times more volume than the Exposed Profile (Fig. 10c). Greater
changes in volume at the Sheltered Profile suggest that the lagoon
current (Fig. 4) was driving this magnified response, and perhaps
inhibiting overnight accretion. This observation is supported by: (1)
strong cross-shore currents in the Sheltered Surf Zone (Fig. 6c) com-
pared to a stronger longshore component in the Exposed Surf Zone
(Fig. 6a); and (2) wave energy focusing on the bombora and wave
refraction patterns found by wave ray tracing and drifter tracks
(Figs. 4 and 5).

The greater volumes of erosion at the Sheltered compared to the
Exposed Profile on 2 February is in agreement with Vousdoukas et
al. (2007). They found that although relict (submerged) beachrock
may provide some coastal protection by reducing wave energy reach-
ing the shore, modern (emerged) beachrock may in fact promote off-
shore loss of unconsolidated beach sediments. Similarly, Dean et al.
(1997) found that an offshore breakwater increased the erosion rate
above the background level by ~130%. These findings are opposite
to what was suggested from a numerical modeling study by Larson
and Kraus (2000) who assumed that a hard-bottom will impose a
strain on the sand transport rate, and that it will restrict sand move-
ment because the area it occupies does not contribute to the sediment
budget. Larson and Kraus (2000) did however focus only on cross-
shore sand transport, assuming that longshore sand transport was
zero or uniform. The longshore transport of sediment at Yanchep La-
goon is a significant component of the perched beach dynamics, due
to the obliquely-onshore direction of the sea breeze as well as the
presence of the current jet exiting the lagoon in a longshore direction.

Further field investigations at different sites, under different geologic
frameworks and at different time scales are required to develop a
detailed understanding of perched beach behavior. Beach groundwater
is also likely to influence sediment transport on perched beaches. In
this work, due to logistical constraints beach profile measurements
were not taken below MSL, but would be valuable to show where sedi-
ment eroded from the beachface is deposited. While measured inten-
sively and selected for their contrasting locations, just two beach
profiles were used. As indicated in Fig. 1, the geomorphic forms of
perched beaches are extremely variable and even at the short stretch
of shore at Yanchep Lagoon the geology varies significantly. Research
is currently under way at Yanchep Lagoon to investigate the beach re-
sponse during a storm, and at longer time scales including seasonal
anddecadal. However, this present study is regarded as afirst step in un-
derstanding coastal processes and morphological responses on a beach
type that has attracted little research attention to date despite its com-
mon occurrence around the Australian coast and the globe.

6. Conclusions

This work shows that beaches that are perched on rock structures
may not be better protected from waves and currents than exposed
profiles. The Sheltered Profile that was fronted seaward by sub-
merged limestone that was 2 m deep had greater volume changes
than the Exposed Profile that was not fronted directly seaward by
limestone. However, the Exposed Profile recovered more by over-
night accretion. This indicates that perched beaches may not be better
protected than non-perched beaches, contrary to the general consen-
sus. There was a strong degree of spatial variation in waves and
currents around the limestone structures. For example, compared to
Ocean and Reef currents, the lagoonal current response to the sea
breeze activity was substantially magnified due to changes in wave
overtopping of the reef which drove the flow. Surf zone currents
near the end of the lagoon were forced shoreward by the lagoon jet.
Wave refraction patterns around the reef were revealed with GPS
drifter tracks and wave-ray tracing using XBeach and had similar pat-
terns during sea breeze and swell-wave dominated events. This work
lays a foundation for more research on perched beach hydrodynamics
and morphodynamics, and has relevance for much of the WA coast,
the rest of Australia and other coasts world-wide.
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